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1, SUMMARY 


This report presents a comprehensive study on scanning 
and multibeam antenna systems that operate at 20 GHz and utilize 
monolithic microwave integrated circuit (MMIC) modules to provide 
both RF power and dynamic phase control. The feasibility of a 
number of array- fed dual-reflector systems which are capable of 
achieving six simultaneous independent scanning beams or 18 fixed 
spot beams is assessed. Some configurations utilize a true phased 
array to illuminate a pair of confocal parabolic reflectors, while 
other designs have an array in the focal region of a Cassegrain 
optical system. 

Section 3 postulates a number of scanning beam and multi- 
beam antenna configurations based on the e.i.r.p. and coverage 
requirements given in the Statement of Work (SOW) and the capa- 
bilities of the MMIC modules. An extensive parametric study was 
performed for each configuration to determine the feasibility of 
the proposed designs. An important parameter that was determined 
for each configuration was the DC-to-RF efficiency. Systems which 
proved to be efficient or competitive with conventional focal- 
region-fed systems were selected as likely candidates for further 
investigation. As a result of the parametric study, four configu- 
rations (two multiple scanning spot beam and two multiple fixed 
spot beam) were selected for in-depth analysis. A phased array 
feeding a pair of confocal parabolas was selected for both a mul- 
tiple scanning spot beam and multiple fixed spot beam configuration. 
A focal-region- fed Cassegrain system was selected as the second 
multiple fixed spot beam system, and a lens- fed confocal parabola 
was the other multiple scanning spot beam selection. 

Section 4 analyzes each of the four selected designs to 
determine its ultimate performance. In each instance, a specific 
reflector geometry, feed element, and array or lens design were 
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developed* Secondary radiation patterns were computed, to deter- 
mine if the required e.i.r.p. levels, sidelobe isolation, and 
cross isolation could be achieved* These computations verified 
that both the multiple scanning spot beam and multiple fixed spot 
beam designs can potentially achieve all the requirements of the 
SOW. The configurations discussed in this study were limited to 
a maximum reflector main aperture size of 2.74 m (9 ft). This 
restricted the system resolution, resulting in interbeam isola- 
tions slightly lower than required. By using a larger main aper- 
ture size of 3.5 m (11.7 ft), all the SOW requirements can be 
achieved with the designs discussed in this report. 

Section 5 addresses designs for the specific components 
which comprise the beam- forming networks (BFNs ) and the feed array. 
In addition to "paper 11 designs, COMSAT also breadboarded and 
tested each of the key elements in the lens and phased array de- 
sign. Of note was the development of a waveguide-to-MMIC-to- 
waveguide transition. This transition is essential for trans- 
forming energy in the MMIC to either waveguide or to a radiating 
horn element. An analysis of the f inline structure used in the 
transition design is also included. Lastly, a linear phased 
array was built and tested to evaluate mutual coupling effects, 
grating lobe phenomena, and scan loss performance. The measure- 
ments made were in good agreement with calculated predictions. 

As a result of this study, COMSAT has demonstrated 
through both analysis and measured performance the feasibility of 
the configurations studied. Given the MMIC performances stated 
in the SOW, phased- array- fed and focal-region- fed dual reflector 
systems that utilize MMIC modules can be implemented at 20 GHz. 
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2 » INTRODUCTION 


To accommodate the continued rapid growth of communica- 
tions traffic (voice, data, and video), satellites are being re- 
quired to provide increased capacity. One way of achieving this 
is to operate at higher frequencies, such as 20 GHz, where large 
bandwidths of 2 . 5 GHz provide five times the capacity available 
at C-band and K u «band. 

Even greater potential for increased capacity is obtain- 
able through advances in frequency reuse antenna technology. An- 
tennas that can provide multiple fixed or scanning beams at 20 GHz 
and have the potential to provide 6- to 18-times frequency reuse 
have previously been investigated for NASA. New antenna concepts 
that can provide a similar number of frequency reuses are addressed 
in this study. Development of these antennas could provide the 
capacity required for future communications satellite systems. 

NASA-sponsored research and development efforts have 
investigated the technology required for 20-GHz antenna systems 
to provide a large number of frequency reuses . The proof of con- 
cept (POC) antenna systems developed by FACC [2-1] and TRW [2-2] 
have examined dual-reflector antenna systems that can provide mul- 
tiple scanning or multiple fixed spot beams. Both POC antennas 
are focal-region~fed designs, in which far-field beams are gener- 
ated by clusters of feeds that comprise part of the total feed 
array. Scanning in these systems is accomplished by movement of 
the amplitude distribution in the focal region. The radiated 
power for each beam is generated by a single traveling wave tube 
(TWT), which is sized to compensate for any output loss caused by 
multiplexers and BFMs. 
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With the advent of MMIC amplifiers and phase shifters, 
new satellite architectures which incorporate both antenna and 
transponder technologies are possible. The purpose of this study 
was to investigate such architectures by considering antenna sys- 
tems that use distributed amplification and phase control. These 
antennas were also required to provide a number of scanning and 
fixed beams, similar to the FACC and TRW POC antenna systems. 

The major difference in this study is the emphasis on using a true 
phased array to feed a dual -reflector system. 

In this concept, all elements in the array (not just a 
cluster) are used to generate the far- field beams. Scanning is 
accomplished by varying the phase taper across the whole array 
and not by movement of the amplitude distribution in the focal 
region. 

The miniaturization of amplifiers and phase shifters 
allows these devices to be placed directly behind each radiating 
element, thus minimizing output loss and offering potential weight 
and volume savings over the more conventional approaches investi- 
gated by FACC and TRW. 

This marriage of antenna and transponder technology en- 
ables a true systems approach to be employed in the design of 
these antennas. The antenna concepts addressed in this study have 
the potential to provide more rapid scanning and a higher e.i.r.p. 
level than that achievable with the POC concepts of FACC and TRW. 
With future developments and improvements in MMIC devices, phased- 
array-fed antenna systems will be a reality at 20 GHz and will be 
a key contributor to increased satellite capacity. 
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SYSTEM CONFIGURATION STUDY 


3.1 SCANNING AND FIXED SPOT BEAM COVERAGE REQUIREMENTS 

The coverage requirements for multiple scanning spot 
beam and multiple fixed spot beam operations dictate the perform- 
ance prerequisites of the associated antenna systems. The angular 
field of view (FOV) for the coverage area determines the maximum 
scan requirements of the antenna system, while the spacing be- 
tween frequency reuse beams . is the driver for the required antenna 
aperture size. 

Figure 3-1 shows computer- generated maps of the contig- 
uous United States (CONUS) in angular coordinates, as seen from 
geosynchronous altitude at the west longitudes of 90°, 100°, and 
105°. The ,f +' f symbols indicate the location of the cities for 
fixed spot beam coverage as listed in Table 2-2 of Exhibit A of 
the SOW. Figure 3-2 givci an equivalent antenna coverage for all 
longitudes, obtained by overlaying individual maps and applying 
satellite pitch bias of up to +0.6° to minimize the apparent 
spread of the earth locations across the longitude range. The 
composite map is representative, but is not necessarily optimized 
for any single location, although it reflects the SOW's preferred 
order of the spot beam cities. The FOV for CONUS for this longi- 
tude range is +3.5° in azimuth and +1.5° in elevation, and the 
apparent angular extent of the earth locations varies from small 
values (e.g., <0.15° for New York and Washington, D.C.) to 
slightly greater than 0.3° (e.g., Dallar -end Houston). 
















Figure 3-3 depicts the selected coverage concepts for 
the scanning beam and fixed beam systems. In Figure 3~3a, CONUS 
is divided into six vertical sectors corresponding to the six in- 
dependent scanning beams required for six- fold frequency use. 

Each adjacent sector is orthogonally polarized to ensure isola- 
tion between co-polarized beams. The 304 beam locations shown in 
this figure represent the coverage from a scanning beam antenna 
with a 3.8 m (12.5-ft) aperture which generates a 0.3° beam. For 
the 2.7 m (9-ft) aperture considered in Subsection 4.2, fewer 
beams (£200) will be required over the coverage area, but the seg- 
menting of the coverage is the same as in Figure 3-3. 

The 3° x 7° FOV has been used throughout this study to 
determine the scan performance of the representative antenna de- 
signs. For body-stabilized spacecraft, reflectors are positioned 
on the east and west sides of the bus. This means that east/west 
scanning in the coverage region will require scanning in the ele- 
vation plane of the reflector system of +3.5°. Since, in an offset 
reflector system, elevation plane scanning degrades more severely 
than azimuth plane scanning, a system with a larger effective 
focal length would be required for a body-stabilized spacecraft 
than for spin-stabilized designs which require only +1.5° in ele- 
vation scanning. All the configurations chosen are based on the 
body-stabilized satellite and are designed to produce minimum ele- 
vation scan loss. 

Figure 3 -3b depicts the coverage configuration for the 
18-city fixed beam case. Each beam must be isolated from the 
others, either spatially through sidelobe cancellation or by po- 
larization. Since the interzone spacing between two spatially 
isolated beams is related to the resolution of the reflector sys- 
tem [3-1] , [3-2] , the smallest angular spacing required will deter- 
mine the reflector's main aperture size. This relationship can 
be expressed as 
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APPROXIMATELY 304 BEAM POSITIONS REQUIRED 
TO''RLL" EQUIVALENT CONUS COVERAGE (FOR ANY 
SPECIFIC LONGITUDE, NOT ALL BEAMS REQUIRED) 
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(b) 18 -City Fixed Beam Coverage concept 

Figure 3-3. Multiple Scanning and Multiple 
Fixed Beam Coverages 
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where <r is the interzone angular spacing in degrees r and D is the 
required reflector diameter [3-1], This expression has been de- 
rived empirically for a 27-dB interzone isolation and verified on 
various INTELSAT programs. The Boston- to-Washington spacing is 
the closest and will be the driver for the main reflector size. 

At 105° W longitude this spacing minimizes to 0.42° , which implies 
from the above expression that a reflector size of 3.58 m (11.75 ft) 
will be needed. For the configurations studied in this report, 

NASA requested that a main reflector diameter of D = 2.74 m (9 ft) 
be assumed, because the 2.74-m reflector was available to NASA from 
a previous contract. This means that a minimum interzone spacing 
of 0.58° would be necessary to achieve sufficient interzone isola- 
tion with this optical system. Subsection 4.6 will elaborate on 
the coverages achievable with the 2.74-m reflector system and will 
discuss a design capable of obtaining 30-dB isolation between 
Boston and Washington. 
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PHASED-ARRAY VS FOCAL-REGION- FED SYSTEMS 


With the availability of MMIC modules, new satellite 
system architectures based on an array-fed reflector system with 
distributed RF power can be attractive alternatives to the conven- 
tional focal -region- fed antenna systems, which are employed on 
most existing satellites. Figure 3-4 depicts two dual-reflector 
systems, each capable of forming both fixed and scanning beams, 
but based on different principles. 

The phased array system utilizes all the elements in 
the array to form an incident wave on the subreflector surface. 
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The subreflector exists in the near field of the array, and the 
optics are designed to transform the approximate plane wave of 
the array into a magnified version. This is accomplished by using 
a pair of confocal parabolas, as shown in Figure 3-4 and further 
discussed in Subsection 4.2. A scanned beam is formed by adjust- 
ing the phase shifter setting on each element to vary the phase 
taper of the incident plane wave. Large e.i.r.p.'s can be 
achieved with this system via distributed amplifiers. For an 
amplifier with fixed output, achievable RF powers can be obtained 
by increasing the number of elements in the array. Since the 
amplifiers are located close to the radiating elements, complex 
and lossy feed networks can be used for the array without severely 
impacting the overall efficiency of the system. 

The focal-region- fed system typically employs an optical 
system that transforms a spherical wave generated by the feed 
array into a plane wave in the far field. Scanning beams or multi- 
beams are formed by using different portions of the feed cluster 
in the focal region. Movement of the beams in the far field is 
accomplished by displacement of the amplitude distribution among 
a cluster of feed elements. Since only a relatively small number 
of elements (1, 7, or 19) are used to form each beam, large 
amounts of RF power cannot be achieved by distributed amplifica- 
tion. Typically, a high-powered TWT is placed before the BFN. 

Since the BFN can be quite complex (depending on the coverage re- 
quirement), the TWT must be of appropriate power to account for 
the BFN losses and any additional loss (from multiplexers, circu- 
lators, switches, etc.) between the output of the tube and the 
BFN. 

With the advent of monolithic amplifier and phase 
shifter modules, it must be determined under what conditions 
phased- array- fed systems with distributed amplification are com- 
petitive with the conventional focal-region-fed designs. One 
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parameter that can be used for this comparison is the total 
DC-to-RF efficiency of each approach. Since the required DC 
power is an important satellite design parameter/ any system that 
minimizes the total DC power required is extremely attractive. 

Such a design will minimize the total solar panel area required, 
which is directly translated into mass savings on the satellite. 

To determine the viability of the phased array approach 
with distributed amplifiers vs the conventional TWT configuration, 
a system comparison was performed based on the parameter of 
DC-to-RF efficiency. This comparison was made for the scanning 
beam case; however, any results obtained are directly applicable 
to multiple beam configurations. 

Table 3-1 summarizes the antenna system requirements 
for the scanning beam design. The FOV is dictated by the required 
orbital locations, as described in Subsection 3.1. For the de- 
sired range of antenna diameters (2.74-4.27 m or 9-14 ft), achiev- 
able edge of coverage (EOC) gains of 50-54 dBi are possible. 

These are based on an antenna efficiency of 60 percent, which is 
typical for multibeam applications, and an EOC scan loss of 2.5 
dB. This scan loss number will be justified in Subsection 3.5. 
Depending on the main reflector diameter, between 180 and 450 
beam locations will be needed over the coverage area. At any in- 
stant, only six beams will exist. For comparison, a baseline 
3.81-m (12. 5- ft) reflector capable of achieving 53-dBi EOC gain 
was chosen. 

Table 3-2 summarizes the system power requirements for 
the baseline design (chosen for comparison only). In the scanning 
beam configurations, the required e.i.r.p. is in the 67-75 dBW 
range. This necessitates between 25 and 158 W of RF power for 
each beam, with a total requirement for the six beams of 150-950 W. 
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Table 3-1. Antenna System Requirements 


Parameter 

Requirement 

Baseline 

Field of View 

+3.5° E-W, +1.5° N-S 

Same 

Main Aperture 

2.743-4.267 m 

3.81 m 

Frequency Range 

17.7-20.2 GHz 

Same 

Bandwidth 

500 MHz 

Same 

Component Bandwidth (3 dB) 

0 .4°-0 .25° 

0.27° 

Total No. of Beams 
(6 at any one time) 

180-450 

304 

On-Axis Peak Gain (N = 0.6) 

52.5-56.5 dBi 

55.5 dBi 

Minimum Gain FOV 
(2.5-dB scan loss) 

50-54 dBi 

53 dBi 


Table 3-2. System Power Considerations 


Parameter 

Requirement 

Antenna Gain (Worst Case) 

53 dBi (baseline) 

e.i.r.p. 

67-75 dBW 

Radiated Power/Beam 

25-158 W/beam 

Total Radiated Power 

150-950 W 


Given the system antenna and power requirements. Fig- 
ures 3-5 and 3-6 compare the focai-region-fed vs phased- array- fed 
approaches. In the conventional approach, a TWT with 35-percent 
efficiency is assumed. It is also assumed that the total output 
loss from the TWT to the radiating elements is 4 dB. This number 
is chosen based on a 3-dB predicted loss for the BFN and a 1-dB 
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Figure 3-5. Efficiency of Conventional (Focal -Region-Fed) Approach 
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Figure 3-6. Efficiency of Distributed Amplifier (Phased- Array-Fed) Approach 



















output multiplexer loss. The BFN loss is based on values pre- 
dicted by FACC and TRW for the 20/30 GHz POC antenna. Both loss 
estimates are considered to be conservative, and, depending on 
the complexity of the system and the number of beams required, 
total output losses in excess of 4 dB are highly probable. Based 
on these assumptions, the RF and DC power required per beam ranges 
between 63-400 W and 180-1,140 W, respectively, for e.i.r.p.'s of 
67-75 dBW. The resulting RF-to-DC efficiency for all e.i.r.p. 
levels is 13.9 percent. As a result of this exercise, it was 
readily apparent that RF-to-DC efficiency is determined totally 
by the tube efficiency and the total output loss, L. 

Figure 3-6 illustrates a distributed amplifier approach 
in which similar e.i.r.p. levels and antenna gains are desired. 
This configuration assumes the existence of a 0.5-W mmic amplifier 
module at 15-percent efficiency. since the amplifiers are placed 
directly in front of the radiating elements, minimal dissipation 
of RF power is incurred. For this comparison, a 0.2-dB insertion 
loss attributable to the MMIC transition is assumed at the output 
of each amplifier. It is also assumed that the BFN is fabricated 
in low-loss waveguide. The expected losses for the BFN range from 
1.0 to 3.0 dB, based on the required number of elements for the 
67- to 75-dBW cases. The bottom line in Figure 3-6 is the per- 
cent of DC-to-RF efficiency, which is approximately 14.2 percent 
for the three cases studied. This reduction in efficiency from 
the maximum of 15 percent is attributable to the transition loss 
and the driver tube. The TWT linear drive power required for 
each case is approximately 1, 2, and 4 W, respectively; well 
within the range presently achievable. 

Construction of the BFN is an important consideration 
in determining the viability of the design. A BFN fabricated in 
stripline was initially investigated because its light weight and 
minimal volumetric requirements appeared attractive. The obvious 
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disadvantage of stripline is its higher loss. If the B,FN is con- 
structed entirely of stripline with a IG-dB insertion loss, the 
required TWT driver power would be 35 W for the 75 dBW case, and 
the total efficiency would decline to approximately 12 percent. 
Since this would be wasteful of power and would require a 20-GHz 
TWT power level which exceeds the present state of the art, a 
stripline BFN is not recommended. 

Figures 3-5 and 3-6 shew that phased array systems with 
distributed amplifiers can be competitive with conventional ap- 
proaches when total DC-to-RF efficiencies are compared. When com- 
bined output losses in the conventional systems exceed 4 dB, the 
total efficiency can be competitive with a distributed amplifier 
system with 15-percent efficient amplifiers. As amplifier effi- 
ciencies improve, the tradeoff will be even more favorable to the 
phased-array-fed systems. 

3.3 IMPACT OF SPECIFIED MMIC MODULES ON ANTENNA DESIGNS 


3.3.1 AMPLIFIER MODULE LIMITATIONS 

Table 3-3 lists the relevant characteristics of the MMIC 
modules initially assumed for the antenna configuration studies. 
These characteristics have an important impact on the design and 
performance of each of the configurations studied. In addition 
to the two modules specified in the table, the existence of a 
third module, a variable gain/variable phase transmit module con- 
sisting of a 5-bit phase shifter and a variable 0.5-W amplifier, 
was assumed at NASA’s request. 
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Table 3-3. Characteristics of the Phase Control and 
Variable Power Amplifier Modules 


Characteristic 

Variable Phase 
Control Module 

Variable Power 
Amplifier Module 

Frequency (GHz) 

17.7 to 20.2 

17.7 to 20.2 

Impedance 

5 on (nominal) 

50Q (nominal) 

VSWR 

Less than 1.3:1 

Less than 1.3:1 

RF Output Power 

200 mW 

500 mW 
125 mV/ 
50 mW 
12.5 mW 
0 mW 

Gain 

16 dB 

20 dB (at full power) 

Gain Variation 

1.0 dB (2.5-GHz band) 

1.0 dB (2.5-GHz band) 


0.4 dB (any 500-MHz BW) 

0.4 dB (any 500-MHz BW) 

Power-Added 

15 percent 

15 percent 

Efficiency 


12 percent 
9 percent 
6 percent 
* percent 

Phase Shifter 

Time-delay type 


Control 

5 bit 


Lowest Bit 

11.25° 


Tolerance 

+3° 


Response Time 

10 ns 

10 ns 


^Maximum dissipation = 50 mW. 

One initial consideration was to identify the appropriate 
location of the amplifier/phase shift module for a viable scanning 
beam configuration. Figure 3-7 shows two possible amplifier loca- 
tions. To provide six independent scanning beams, it will be nec- 
essary to associate a 6 -way power combiner with each element, as 
shown. This implies that all scanning beams would be co-polarized. 
A more likely arrangement would only have 3-way combiners at each 
orthogonally polarized port of the dual -polarized feed elements. 
Subsection 3.4 will discuss this arrangement in greater detail 
for specific configurations. 

Each of the six power combiner ports connects with a 
BFN which contains the basic N-way power division to distribute 
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the signal to all elements. For amplifier location A, the active 
module must provide an average total power, P Q , with each of the 
six carriers (0.2 W/carrier) coexisting in the amplifier. Since 
this module is operating as a multicarrier, it must provide linear 
amplification with an acceptable ratio of carrier-to-intermodulation 
product power, C/Im. 

For amplifier location B, the input to each amplifier 
is a single 500-MHz signal. If this is a single carrier, the 
amplifier can operate closer to saturation. However, if these 
are multiple FDM/TDMA carriers, similar backoff restrictions 
apply. Because these amplifier outputs must be combined via a 
6-wav power combiner, five-sixths of the output power will be 
dissipated in the isolation resistors that must form a part of 
the combiner design. Therefore, each module must initially pro- 
duce 1.2 W just to deliver 0.2 W to the radiators. For a system 
in which cross-polarized beams are used, two-thirds of the output 
power will be dissipated in a 3 -way combiner, which will require 
each module to produce 0.6 W to deliver 0.2 W. 

One of the configurations investigated (discussed in 
detail in Subsection 3.4) relied on using only the variable phase 
control module specified in Table 3-3. However, use of this 
module in a configuration such as that shown in Figure 3-7 pre- 
sents a dilemma. Since the amplifier and phase shifter sections 
are an integrated unit, it must be decided which location, A or 
B, is most appropriate. From a power efficiency viewpoint, the 
previous discussion has shown that location A is more appropriate. 

On the other hand, to provide independent scanning control for 
each beam, the phase shifter must be placed at location B. It 
was decided early in this study, with NASA’s concurrence, that 
this particular module was not optimum and that, for practical 
reasons, the phase shift operation and the amplifier should be 
separated. Further discussions of the configuration studies will 
assume that the amplifier and phase shifter are separate units. 
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with the phase shifter having 3 dB of loss and the amplifier 
having 19 dB of gain to yield 16 dB of module gain overall. 

As shown in Subsection 3.2, the performance of the amp- 
lifier in terms of efficiency vs output power is the dominant 
factor in determining the suitability of the active phased array 
concept. Figure 3-8 shows typical input-output characteristics 
of a solid-state RF amplifier. An example of the current state 
of the art for GaAs FET power amplifiers is a 4-GH2, 6.0-W unit 
that was developed by RCA for INTELSAT and was monitored by COMSAT 
The figure depicts the output power and noise-power ratio (NPR), 
as measured by COMSAT Laboratories. The NPR is representative of 
the C/Im that would be produced for a large (-*») number of car- 
riers. It is only slightly pessimistic when compared to operation 
with a large but finite number of carriers. For this amplifier 
at the 1-dB compression point, the NPR (C/Im) is between 15 and 
20 dB, which is in line with the linearity specified for the vari 
able phase shifter (VPS) module and the variable power amplifier 
(VPA) module. 

Also, for this amplifier, the 1-dB compression point 
represents an input backoff from saturation of 8 dB and a corre- 
sponding output backoff of 3.5 dB. This characteristic may be 
assumed to be typical of FET amplifiers. During this study, it 
has been assumed that an FDM/TDMA system is being implemented. 
Based on this assumption, amplifiers placed at either location (A 
or B) have multicarrier operation and must be operated in the 
linear region with a maximum of 15-percent efficiency. If, how- 
ever, a TDMA system consisting of a single broadband 500-MHz car- 
rier were considered, each amplifier at location B could operate 
at or beyond saturation, resulting in efficiencies approaching 
30 percent and an output power level for each module of 0.45 W 
and 1.12 W for the 0.2-W VPS and 0.5 VPA modules, respectively. 

As discussed in Subsection 3.2, these levels of efficiency and 







output powers could have a profound impact on the viability of 
the distributed amplifier approach. The availability of higher 
power modules would also result in a decrease in the number of 
elements required in the array for a specified e.i.r.p. level. 

The advantages afforded by this scheme require that the 
amplifier be placed at location E. For multiple scanning beams, 
the presence of lossy combiners outweighs the benefits derived 
from operating the amplifiers at saturation. However, it appears 
that a two- scanning-beam case with orthogonal polarization could 
be employed, since the signals are combined via an orthomode 
transducer (OMT) which results in no combiner loss. A slight 
benefit in overall performance is even achievable with a four- 
beam configuration, in which 3 dB of each co-polarized signal are 
dissipated in the combiners (note that the output backoff was 
3.5 dB). This may lead to additional problems associated with 
heat dissipation which must be traded off against improved per- 
formance. For six scanning beams, location A is clearly a more 
appropriate location for either system approach. 


3.3.2 PHASE SHIFTER MODULE LIMITATIONS 

The previous subsections have addressed the limitations 
imposed on the array design by the amplifier modules. Addition- 
ally, it can be shown that the discrete 5-bit phase shifting mod- 
ule will impose a limitation on the element size used in the 
phased array. Two conditions limit element spacing, d, in the 
phased array: the available phase increment, since it is asso- 

ciated with scanning step requirements; and the grating lobe ap- 
pearance in the scanning range. The parameters are defined as 
follows : 
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f i , f 2 = lowest and highest frequency of operation 

0 a = e BW = 3-dB beamwidth in the main reflector far field 
M - magnification factor (confocal paraboloid optics) 

K = overlapping ratio of the 3~dB beam contours 
A0 = scanning step in the array far field 
^inc = sma l^ es ^ available phase increment, including 
phase shifter errors 

0 - scanning range in the main reflector far field 

The scanning step, A6 , is given as A0 = KM6 3 ; K, defined in Fig- 
ure 3-9, depends on the array lattice. For a rectangular lattice, 

K must be less than or equal to 0.707 to ensure that all points 
lie within the required 3-dB circle. For a triangular lattice, K 
can have values up to 0.866. As the frequency increases, 0 3 be- 
comes smaller and 3-dB beams overlap less, creating holes between 
beams where the gain is reduced more than 3 dB from the peak. 
Therefore, the design must be carried out at the highest frequency 
in the band. The scanning step must be greater than or equal to 
the corresponding step achievable through the minimum phase incre- 
ment. This leads, as shown in Figure 3-10, to (2nd/M sin A0 > <J>^ nc 
thereby setting a lower limit for the element spacing, d. This 
expression is valid for small angles of scan from broadside. For 
the arrays studied in subsequent sections, the maximum scan angle 
required is =12.5°, for which this expression can be shown to be 
valid. This results in 
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me 


- 2n sin KM0 3 


(3-2) 


The upper limit of the element spacing is set by the 
grating lobe criterion. Figure 3-11 shows the grating lobe lat- 
tice for rectangular and triangular arrangements. The condition 
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(b) RECTANGULAR LATTICE K = 0707 
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Figure 3-9. Array Lattice Configurations 
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Figure 3-11. Grating Lobe Diagrams for Rectangular and 

Triangular Lattices 
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for having the scanning domain free of grating lobes as the mam 
beam scans the CONUS coverage region is 2 sin (M0_) < 7i/d, which 
leads to 


h - 2 sin (M0 e ) v 

s 

Equations (3-2) and (3-3) give upper and lower bounds 
on the element spacing, d, as 


A . d 1 

v mc , __ 

2n sin (KM0 3 ) — K — 2 sm (MG ) 

S 


For narrow beams and small scanning angles, the condition for 
array realizability can be written as 


<b . < 

? mc “ 


180 sin (KG- 


180 sin (KG; 
sin G_ 


Since KG 3 denotes the scanning step, and 29 is the t 

s 

scanning range, equation (3-5) leads to the conclusion that, fo 
a realizable system, < 360/(numfoer of scanning steps in th 

Hlv “ 

scanning range ) . 

For the phase shifter module under development by NAS, 
the smallest phase shift is specified to be 11.25°. Figure 3-1 
is a graphical representation of equation (3-4). Parts a and b 
of the figure are based on an 11.25° increment, a triangular la 
tice arrangement as shown, and assumed 3-dB beamwidths, e 3 , of 
0.3° and 0.4°, respectively. The configurations that have been 
studied, as addressed in Subsection 4.3, correspond to the 
0 3 = 0.4° case. Figure 3-12 demonstrates the narrow bound impo 
on the element size and spacing as a function of the optics mag 
nification. For all the designs subsequently discussed in this 
report, element sizes within the constraints of equation (3-4) 
have been used. 
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INITIAL CONFIGURATIONS STUDIED 


Initially, twelve configurations that utilize the mono- 
lithic modules described previously were studied to determine the 
viability of both multiple scanning beam and multiple fixed beam 
designs. Figure 3-13 depicts seven of the configurations investi- 
gated, including four scanning beam designs, two multibeam designs, 
and a lens configuration. The lens configuration is distinct from 
the other sets of configurations, since it can accommodate either 
a scanning beam or fixed multibeam design. 

Table 3-4 summarizes the specific electrical require- 
ments for both the scanning beam and fixed beam configurations. 

The minimum gain required in the SOW is 53 dBi. When the beam is 
scanned, a loss in gain occurs which must be included in deter- 
mining the minimum gain. If a reasonable scan loss of 2.5 dB is 
assumed, then the required non-scan gain would be 55.5 dBi. To 
achieve this gain, the size of the main reflector is given by 


D = N ^ = 4.08m (13.4 ft) 


(3-6) 


Efficiency n ~ 0-6 has been assumed. The required power/beam to 
achieve the maximum e.i.r.p. is 75 - 53.0 - 22.0 dBW = 158.5 W, 

For the minimum e.i.r.p., the required power/beam is 14 dBW or 
25.1 W. For the multiple fixed beam case, RF power ranging from 
0.794 to 7.94 W per spot beam is required. The subsequent initial 
configuration studies are based on these gain and power numbers. 
The specific designs described in Sections 4 and 5 are based on 
the gain and e.i.r.p. achievable from a 2.75-m main reflector. 

The following list describes the module required for 
each of the configurations studied. For the multibeam case it 
was desired that the variability of the phase shifters and ampli- 
fiers be used to correct beam pointing. 
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a. Scanning Beam Configurations 

(1) 6 simultaneous scanning beams using the VPS module 
and consisting of a constant gain amplifier and a 
5-bit phase shifter 

(2) 6 simultaneous scanning beams using the VPA module 
and consisting of a variable gain amplifier 

(3) 6 simultaneous scanning beams using either a com- 
bination of the VPA and VPS modules or a variable 
gain/variable phase module 

b. Fixed Beam Configurations 

(1) 10 to 18 fixed beams using the VPS monolithic module 
with a constant gain amplifier and 5-bit phase 
shifter 

(2) 10 to 18 fixed beams using the VPA monolithic module 
and consisting of a 5-state variable gain amplifier 

c. Additional Configurations 

(1) A space-fed lens utilizing the VPS or VPA monolithic 
modules and capable of forming 6 simultaneous scan- 
ning beams or 10 to 18 fixed beams 

(2) A directly radiating phased array utilizing the VPS 
or VPA monolithic modules capable of 6 simultaneous 
scanning beams or 10 to 18 fixed beams. 
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Table 3-4. Objective Requirements for Multiple Fixed 
and Multiple Scanning Spot Beam Antennas 



Beam Configuration 

Parameter 

Fixed 
Spot Beam 

Scanning 
Spot E^am 

Antenna Size 

Shuttle 

Shuttle 


Compatible 

Compatible 

Operation Frequency 
Range ( GHz ) 



Down- link 

17.7-20.2 

17.7-20.2 

Up- link 

27.5-30.0 

27.5-30.0 

Number of Beams Operational 

10 - 

6 Trans 

Minimum Gain fdB) 



20 GHz 

53 

53 

30 GHz 

56 

56 

Bandwi dth ( MHz ) 



20 GHz 

500 

500 

30 GHz 

500 

500 

Polarization 

Linear 

Linear 

C/I Performance (DB)* 

30 

30 

Pointing Accuracy (deg) 



E and H Plane 

0.02 

0.02 

Polarization 

0,4** 

0.4** 

Power/Beam ( e . i . r . p . ) 

52-62 

67-75 

<dBW) 




^‘Carrier to interference ratio for each beam relative to all other 
beams . 

**Degrees rotation from reference (i.e., true satellite vertical 
or horizontal ) . 
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MULTIPLE SCANNING BEAM CONFIGURATIONS 


3. 4. 1.1 Configuration A 

Configuration A requires six independent scanning beams, 
each delivering RF power in the range of 25-158 W. MMIC modules 
capable of providing 0.2 W of power (constant gain) and a 5-bit 
phase shifter are assumed. These initial studies assumed that 
the phase shifter and amplifiers were an integral unit (as dis- 
cussed in Subsection 3.3.1? separate amplifier and phase shift 
functions are the preferred approach). Three variations of this 
configuration have been addressed and are compared in Table 3«5 
on the basis of the BFN aspects of the system. In this eatf3p$rison, 
it is understood that the optics are a confocal paraboloid (Gre- 
gorian configuration) with specified magnification, M, and a main 
reflector aperture sufficient to provide a minimum of 53 dBi of 
gain over the FOV. The optics will be discussed in detail in 
Subsection 4.2.1. 


3. 4. 1.1.1 Configuration Al: Full Array With Combiners 

Figure 3-14 depicts the candidate feed network proposed 
for Configuration Al. Six individual power dividing networks (PDNs) 
are needed for the six scanning beams. Amplitude tapers, which 
are required to maintain sufficient isolation between sectors, 
may be generated for each scanning beam by designing the power 
dividing trees with unequal power dividing elements . There are 
actually two sets of three PDNs, one set corresponding to the ver- 
tically polarized beams and the other to the horizontally polarized 
beams. Each set of three divider networks is combined to form a 
set of vertically and horizontally polarized signals at each 
radiating element. 




5^5 f =*3 f ** 


Table 3-5, Comparison of Configurations Al, A2, and A3 


Characteris tic 


Al 

Combining 


£2 

Interleaving 


A3 

Side-by-Side 



Maximum 

e.i.r.p. 

Minimum j 
e.i.r.p. 

Maximum 

e.i.r.p. 

Minimum 

e.i.r.p. 

Maximum 

e.i.r.p. 

Minimum 

e.i.r.p 

Number of Elements 

4,000 

I 

625 

12,000 

1,875 

12,000 

1,875 

Size of Elements 
<M = 3) 

1.1X i 

2.85A 

0.64X 

1.65X 

0.64X 

1.65A. 

Spacing 

1.1A 

2.85A 

1.9A 

4.9X 

0.64X 

1-65A 

Number of OMTs 

4,000 

625 

12,000 

1,875 

12,000 

1,875 

Number of HMIC Modules 

24,000 

3,750 

24,000 

3,750 

24,000 

3,750 

Combiners 

8,000 

1,250 

None 

None 

None 

None 

Size of PDN 

! 1 x 4,000 

1 X 625 

1 x 4,000 

1 x 625 

1 x 4,000 

1 x 625 

Heat Wasted in 
Resistors of 
Combiners (w) 

3,200 

500 

None 

: 

None 

None 

None 



n- 


Table 3-5. Comparison of Configurations Al, A2, and A3 (Cont f d) 


Characteristic 

Al 

Combining 

A2 

Interleaving 

A3 

Side-by-Side 

Maximum 

e.i.r.p. 

Minimum 

e.i.r.p. 

Maximum 

e.i.r.p. 

Minimum 

e.i.r.p. 

Maximum 

e.i.r.p. 

Minimum 

e.i.r.p. 

Total Power 
Generated (W) 

4,800 

750 

4,800 

750 

4,800 

750 

Total Power 
Radiated (W) 

1,600 

250 

4,800 

750 

4,800 

750 

■ 

Antenna Gain (dBi) 

53 

53 

48 

48 

48 

48 

e.i.r.p. /Beam (dBW) 

77 

69 

77 

69 

77 

69 

Scan Step (K) 

2.31 

0.866 

1.34 

0.52 

3.86 

1.54 

Complexity of BFN 

Simple 

Simple 

Complex 

Complex 

Simple 

Simple 

Grating Lobes in FOV 

No 

Yes 

No 

Yes 

No 



No 


eth n f™i era cr err er tm cr 




n 

c. 


r.— ^ 

I 

I 

ZJ 


V V V 


V V V 


N ANTENNA ELEMENTS 


MMIC 

MODULES 


BEAMS 
BEAM 3 


N PORTS 


POWER DIVIDING 
NETWORK 


6 
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TO ANTENNA 
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6 
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CONFIGURATION A1 


-SIX SCANNING BEAMS 
-67-75 dBW/BEAM (E.I.R.P.) 

-CONSTANT GAIN {0.2W MAX OUTPUT) AND 5-BIT VARIABLE 
PHASE-SHIFTER MMIC 


Figure 3-14. Configuration Als Full Array With Combiners 



\ 

Figure 3-14 also illustrates the interconnection of a 
single output port of the six PDNs to a single radiating element. 
The circuitry associated with all other sets of output ports and 
the associated feed element are identical. A combined monolithic 
amplifier/phase shifter will be placed at each output port of all 
six divider networks. By adjusting the phase shifter to the ap- 
propriate differential phase settings, a beam may be scanned to 
its desired location. The three phase shifter/amplifier outputs 
from sectors 1, 3, and 5 are combined and fed to one port of the 
OMT located directly behind the radiating element. Similarly, 
the orthogonal port will contain the three signals combined from 
the corresponding output ports of sectors 2, 4, and 6. 

Since the three sets of signals entering the combiner 
are necessarily incoherent, approximately 5 dB will be dissipated 
in the isolation resistors. This represents an extremely inef- 
ficient and wasteful approach. One way to overcome this problem 
is to have separate amplifier and phase shifter modules. The 
phase shifter precedes the combiners, and amplification occurs 
after the signals have been combined. This configuration will be 
discussed further in Section 4. 


3. 4. 1.1. 2 Configuration A2 : Interleaved Array 

In this configuration, the elements are interleaved as 
shown in Figure 3-15. This avoids the use of a lossy combiner, 
but makes it necessary to reduce the size of the elements to one- 
third of their original size. The spacing between elements of 
the array for one beam is the same as in Configuration Al, which 
keeps the array factor essentially the same. However, the element 
factor changes, making the beamwidth broader and the gain smaller. 


3-36 


N "ELEMENTS 




BEAM 1 BEAM 3 BEAM 5 BEAM 2 BEAM 4 BEAM 6 


CONFIGURATION A2 

-SIX SCANNING BEAMS 
-67-75 dBW/BEAM (E.I.R.P.) 

-CONSTANT GAIN (.2W MAX OUTPUT) AND 5-BIT PHASE-SHIFTER MMIC 


Figure 3-15* Configuration A2: Interleaved Array 










The increase in beamwidth introduces larger mutual coupl- 
ing effects and a reduction in gain which directly impacts the 
power per beam required to achieve the e.i.r.p. This reduction 
in gain will be approximately 4.77 dBi (the same as the combining 
loss); hence, the radiated power should increase by this amount 
to attain the desired e.i.r.p. Thus, the number of elements 
needed remains the same. The only difference is that each element 
now occupies one-ninth of the original area, making it possible 
to fit three elements of each of the three phased arrays in the 
area of the original full-sized element. Although this configura- 
tion achieves the primary objectives, a major problem is the com- 
plexity of the BFN resulting from the interleaved elements. 

Another point of concern is that little is known about the inter- 
action between the phased arrays. Nevertheless, the interleaving 
configuration was further investigated to determine what advan- 
tages, if any, might be derived from a design which would elimi- 
nate the need for combiners. 

With a square waveguide aperture as the radiating ele- 
ment in the array, the interleaving of N phased arrays requires 
one of the two arrangements shown in Figure 3-16 for odd and even 
N, respectively. Figure 3-16a shows a 3-array interleaving arrange- 
ment. For a particular array, the periodic structure has the gen- 
eral appearance shown in Figure 3-17. 

Two aspects of array interleaving were studied. The 
first is the limitations placed on element size, and consequently 
on element spacing, d. The second is the advantages, if a'ny, in 
achieving higher e.i.r.p. or higher efficiency than the contiguous 
arrangement of the same number of arrays. 

The element size has an upper bound dictated by the exis- 
tence of grating lobes in the coverage area, and a lower bound 
determined by the allowable phase shifter increment and the re- 
quired scanning step. The grating lobe lattice for the array 
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is shown in Figure 3-18. The coverage area is defined as +6 Z in 
the angular direction corresponding to the array 1 s x direction, 
and +e 2 in the angular direction corresponding to the array's y 
direction. The orientation of the array can be adjusted to make 
a maximum use of the grating- lobe- free area. 


Figure 3-17. Periodic Structure of an Array in N-Array 
Interleaving Configuration 

Generally, it is desired to have no grating lobe in the 
coverage area as the main beam is scanned from broadside to the 
edge of coverage. This imposes an upper limit on the element size 
This upper limit, normalized to free space wavelength, is given by 






For the dual -re flee tor system, G x and 6 2 Will, be the 
magnification factor, M, times the scanning values in the far- 
field region. 

The required scanning step of the array can be expressed 
in terms of the far-field beamwidth and the interleaving order, n. 
Figure 3-19 shows the situation in which any point in the scanning 
range is to be within A degrees from the beam peaks. The scanning 
step in the y direction between adjacent rows is B, and in the x 
direction between elements in the same row is NB. From this fig- 
ure, the relationship between A and B is 


B 


m 

N 2 — F"4 


(3-8) 


For no interleaving (N = 1 or a triangular array of square horns) 
B = 0.8A. For N - 2, the obvious relationship is B = A. 



Figure 3-19. Scanning Step Limitation for the Periodic 

Structure of Figure 3-17 




To achieve the scanning step B by using phase, shifters 
of increment Acj), the element size, d, must be above a certain 
level. For small values of 0j and 0 2 , the lower bound on d is 


d &4_ 
A - 2nB 


(3-9) 


Equations (3-7) to (3-9) give upper and lower bounds on 
d/A for certain levels of interleaving. Inversely, they also give 
the highest level of interleaving allowable to achieve a feasible 
system. Figure 3-20 shows the upper and lower limits of d/A vs 
the interleaving level for different values of magnification fac- 
tor, M, and a phase shifter increment of 11.250° (5-bit phase 
shifter) . 

For the dual-polarization system, N-level interleaving 
produces 2N separate scanned beams. This allows the first beam 
to have opposite polarization with respect to the 2Nth beam. If 
the grating lobes of the first beam are allowed to appear in the 
scanning range of the 2Nth beam (thus depending on isolation via 
polarization) more arrays can be interleaved with feasible values 
for element size bounds. Figure 3-21 shows the upper and lower 
limits of d/A under this condition with 5-bit phase shifters, A 
comparison of Figures 3-20 and 3-21 reveals that the permissible 
interleaving level increases from N = 2 to N = 3 if grating lobes 
are allowed to appear at the edge sector of the scanning range. 

To compare the option of array interleaving with the 
other two options that employ combiners and contiguous arrays, it 
must be assumed that the three options use the same total aperture 
area. For a specific value of M and a main reflector diameter 
of D, the array aperture area is approximately rcD 2 / 4M 2 . 

If the aperture is shared between N arrays, the avail- 
able aperture per array will be 7tD 2 /4M 2 N. For N = 3, this means 
a loss of 4,77 dB in the available gain due to aperture sharing 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


UPPER BOUND 


LOWER BOUND 









alone. To achieve the same e.i.r.p. # the loss in gain must be 
compensated for by stacking the same number of elements in the 
new aperture area per array, or in 1/Nth the total aperture area. 
This is possible if the interleaved arrays use elements 1/Nth the 
size of the corresponding complete array elements. However, Fig- 
ures 3-20 and 3-21 show that the allowable element size of inter- 
leaved arrays does not decrease as fast as 1/N. In some cases, 
the element size for M = 3 must be about 2 , 5 A for N = 1, 2 , and 
3 . This means that the gain loss attributable to aperture sharing 
cannot be compensated for by increasing the number of elements; 
thus, the obtainable e.i.r.p. is reduced. 

An example is the case in which the desired e.i.r.p. is 
70 dBW. For a 13-ft aperture with efficiency r) = 0.6, the avail- 
able gain is approximately 53 dB. If the aperture is shared by 
three arrays, the available gain per array becomes 48.23 dB. For 
the complete aperture array, this results in radiated power per 
beam of 50.1 W. Assuming M = 3 and f - 20 GHz, the total aperture 
can accommodate 974 elements of dimensions 2.5A x 2.5A. From Sub- 
section 2.1, the element dimension falls within the allowable 
limits. Thus, the power contribution per horn, assuming lossless 
horns, is 0.05 W. This is less than 0.067 W that can be achieved 
by using the available modules in combiner Configuration Al. If 
the aperture is shared by three arrays, interleaving or contiguous, 
the element size will have to be about 2.5A, and the number of 
elements per array will drop to 325. Assuming lossless systems 
and 0.2 W per horn, as dictated by the modules, the radiated 
power/beam will be 65 W. Since the available gain is only 
48.23 dB, this will produce an e.i.r.p. of 66.36 dBW. If the 
same margin for losses is assumed (0.05/0.067), the radiated 
power/beam will drop to 48.5 W, reducing the e.i.r.p. to 
65.09 dBW. 
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Although the 70 dBW of e.i.r.p. cannot be achieved by- 
interleaving three phased arrays with the same total aperture, 
interleaving offers a definite advantage in terms of overall effi- 
ciency. Assuming 15 percent efficiency for the MMIC modules, the 
overall efficiency of interleaved arrays can be as high as 
13.5 percent, compared with 4.5 percent for the combiner 
configuration. 

A third option in this configuration is to divide the 
array aperture into three contiguous arrays. This will place the 
same limitations on the e.i.r.p. as the interleaving option and 
will deliver the same high overall efficiency. It may, however, 
result in more scan losses for the edge arrays. These losses can 
be compensated for by arranging the contiguous arrays on a non- 
planar surface. The simplicity of the contiguous arrays is an 
apparent advantage over the complexity of the BFN associated with 
the interleaved arrays. 

Because of the low achievable e.i.r.p. .and the complex- 
ity of the network for interleaved phased arrays, this option is 
considered to be inferior to the other scanning array options ,. 


3. 4. 1.1. 3 Configuration A3: Individual 3ide-by-Side Arrays 

A third option investigated employs three individual 
arrays placed side by side, as shown in Figure 3-22. This approach 
avoids the unconventional periodicity of the interleaving approach 
and also eliminates the lossy combiners. In this arrangement, 
the maximum obtainable e. i .r .p./beam is lower than 75 dBW (the 
same as that in the previous case (combiner)). The total aperture 
is shared by the three arrays, and each element radiates 0.2 W, 
which is sufficient to yield the required minimum e.i.r.p. 








The use of a reduced-size array will also impact the 
resolution of the antenna system, as well as the degradation in 
gain. The 3-dB beamwidth will be three times larger than for con- 
figurations A1 and A2. This will impact the co-pol isolation 
between nonadjacent sectors and limit the number of co-polarized 
scanning beams that can be used. Clearly, the six-beam concept 
with the coverage shown in Figure 3-3a will be unachievable. 

Table 3-5 presents a cor^arison of the three variations. 
Both extremes in e.i.r.p. (67-75 dl ? ) are considered. To determine 
the number of elements required, losses were assumed from the out- 
put of the amplifier module. 


3. 4. 1.2 Configuration B 

In this configuration, a variable power module (up to 
0.5 W) is utilised to generate six scanning beams with 67- to 75-dBW 
e.i.r.p. Since phase shifting capability is not available, there 
are several ways of achieving the scan requirement. One is the 
Butler matrix approach, with as many beam positions as required 
to cover the CONUS, and the use of a switch matrix to switch beams 
to meet the scan requirement. This method uses the varie lity 
of the MMIC amplifier module only to introduce a taper it tie radi- 
ating aperture. The second method, which utilises OIC mciule 
variability to achieve scanning, is a focal region-fed Cassegrain 
system. These two approaches are compared in the subsections that 
follow. A third configuration, the space- fed lens, which is capa- 
ble of meeting the performance requirements, will be discussed in 
Subsection 3.4.3. 
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3. 4 ♦ 1.2.1 Configuration Bis Butler Matrix 


In this configuration/ shown in Figure 3-23, the MMIC 
modules are capable of producing up to 0.5 W of power. The number 
of elements needed to produce maximum e.i.r.p. is given by 

N = = 316{x 3 (each amplifier shared by (3-10) 

three beams) = 948) 

To allow for illumination taper, a more realistic number will be 
N = 1,600. A lossless Butler matrix produces orthogonal beams 
with beam crossover levels of -3.92 dB, which is lower than the 
desired -3 dB. With this crossover level, approximately 250 beam 
positions are required to cover CONUS. Hence, two Butler matrices, 
each with 125 input ports and 1,600 output ports, form the basic 
BFN shown in Figure 3-23. A switch matrix (1 x 42) is used for 
each of the six regions to accomplish the desired scanning. Higher 
crossover levels can be achieved if adjacent beams are combined 
and some energy is lost in the network. This is a fundamental 
limitation of a Butler matrix. Lossless networks often possess 
one or more pattern characteristics that can be enhanced when the 
capabilities of a lossy network are properly traded off. The maxi- 
mization of available antenna gain at the beam crossover points, 
for example, is one possible advantage of employing a lossy network 
instead of a lossless design. Control of near- in sidelobe levels 
is another. 

This configuration has the usual problems associated 
with phased arrays, namely grating lobes and blind spots. The 
upper limit of element spacing, as in Configuration A, is not 
present, and consequently the elements can be made smaller. In 
terms of the complexity of the BFN, the Butler matrix conforms 
readily to microstrip medium since its major components are hybrids 
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N ANTENNA 
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POSITION 


1 3 5 


2 4 6 


CONFIGURATION bi 

-SIX SCANNING BEAMS 
-67-75 dUW/BEAM (E.l.R.P.) 

-VARIABLE GAIN (5 LEVELS) AMPLIFIER MMIC (.5 W MAX OUTPUT) 
-M BEAM POSITIONS ASSUMED (TO COVER CONUS) 


Figure 3-23. Configuration Bl: Butler Matrix 



and line lengths. In this format, the matrix is lossy,, and al- 
though the amplifiers follow the BFN, the size of the driver tube 
will be determined by the BFN loss. The MMIC modules can be in- 
tegrated directly on the same substrate as the Butler matrix, and 
the conventional switch matrix poses no problems. In terms of 
the number of components, a 1,600 x 125 Butler matrix requires 
tens of thousands of hybrids. In addition to the large number of 
hybrid junctions, 1,600 antenna elements, six 1 x 42 switch 
matrices, 1,600 OMTs, and 3,200 MMIC modules are needed. 

An array of 40 x 40 elements can be formed with element 
spacings such that the scan step parameter K is more than the re- 
quired 0.866 to 0.75. This results in crossover levels greater 
than -3 dB. To obtain K = 0.866 to 0.75 corresponding to -3-dB 
crossover levels, the Butler matrix becomes lossy. 


n 


3. 4. 1.2. 2 Configuration B2: 


Feed Cluster 


This configuration (Figure 3-24), uses a feed cluster 
to feed a Cassegrain system. A section of the feed cluster forms 
a beam for one sector of CONUS. 

To achieve the maximum e.i.r.p., a minimum of 316 elements, 
each radiating 0.5 W, is needed. A cluster of 19 elements with a 
tapered amplitude distribution, and 0.5-W amplifiers on each is 
capable of producing about 1 W of radiated power if low sidelobes 
are to be achieved. The cluster can be made larger by adding more 
elements; however, the number of elements required for 158 W of 
radiated power will be impractical. The amount of feed sharing 
required will also be prohibitive. At the lower end (67 dBW) of 
the e.i.r.p. requirements, 25 W of power is to be radiated by the 
cluster. Even this will require a large cluster making the antenna 
system untrackable. Smaller antenna elements can be used but at 
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Figure 3-24. Configuration B2 : Feed Cluster 







the expense of mutual coupling problems without a substantial gain 
in size of the feed cluster and the antenna system. 

Based on the above arguments, it can be concluded that 
the e.i.r.p. requirement cannot be met with this configuration. 

It is possible to achieve e.i.r.p. levels that are 10 dB lower 
than the minimum specification and are of a reasonable size for 
the feed clusters. 


3. 4. 1.3 Configuration C: Full Array With 3-Way Combiner 

This configuration can employ any combination of a VPA 
module, a VPS module, and a variable power/variable phase (VPA/VPS) 
module. This design is basically the same as Configuration A ex- 
cept for the use of different MMIC modules. Figure 3-25 shows 
the combiner technique. A VPA/VPS module is used before the com- 
biner, and a VPA module after the combiner. In this configuration, 
the VPA/VPS module could be used for two purposes; first, to in- 
troduce the correct phase for scanning; and, second, to use the 
variable power capability to provide just enough power for driving 
the VPA module without causing excessive power dissipation in the 
resistor terminations of the combiner. Presumably, the drive level 
could be set by having the VPA/VPS module on a low gain state. 

The VPA module is capable of providing 0.5 W at 20“dB gain. With 
a combining loss of about 4.77 dB, the maximum allowable output 
power level of the VPA/VPS modules is -23 dBW (5 mW) . Therefore, 
the maximum power dissipated in the combiner would be 10 mW, which 
is very reasonable. 

The number of elements needed to achieve the maximum 
radiated power/beam of 158 W would be 1,600, the same as in the 
Butler matrix, Configuration Bl. The element size would be di- 
vided by the spacing, which is limited by the grating lobes and 
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Figure 3-25. Configuration C: Full Array With 

3 -Way Combiners 








beam spacing requirements. The same spacing as in Configuration A1 
can be used. 

Other features of this BFN configuration are similar to 
Configuration Al, namely, the power dividing circuits (lx 1,600) 
and the OMTs, This configuration seems inherently adaptable to 
MIC integration techniques, since the power levels up to the input 
of the VPA module are low. The PDN, the VPA/VPS modules, and the 
combiners can be integrated into one package. 

In terms of the number of components, 1,600 antenna ele- 
ments, 1,600 OMTs, 3,200 VPA MMIC modules, 3,200 combiners, 9,600 
VPA/VPS MMIC modules, and six 1 x 1,600 PDNs are needed to achieve 
the maximum e.i.r.p. 

The other possible configuration is the interleaving 
method used in Configuration A2 . Since the problem of heat dis- 
sipation in the combiner, present in Configuration Al, does not 
exist here, Configuration C is a good candidate for parametric 
study. Otherwise, if the interleaving method is chosen, the study 
will be a repetition of Configuration A2 with different values. 


3.4.2 MULTIPLE FIXED BEAM COMF1 GURATIONS 


Table 3-4 presented the system requirements for the mul- 
tiple fixed beam configurations. The configurations specified in 
Subsection 3.4, and several variations on each, are discussed in 
the subsections that follow. For the 4-m reflector assumed in 
this discussion, each beam requires between 0.8 and 8 W to achieve 
the range of e.i.r.p.’s specified in Table 3-4. 
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3. 4. 2.1 Configuration D 


This configuration uses 10 to 18 beams, each with a maxi- 
mum of 8 W of radiation power. Also addressed is a capability 
for trimming each beam position independently. Since the MMIC 
used has a constant power amplifier and a variable phase shifter, 
the initial beam directions and the trim capability can be 
achieved by using a phased-array-type radiating system feeding a 
pair of confocal parabolas. 

As in Configuration A, three configurations are possible: 
a 9-way combiner, interleaving of nine elements, and a side-by-side 
phased array. Obviously, the 9-element interleaving configuration 
will be quite complex. In the 9-way combiner configuration, power 
dissipation poses a problem, since up to 1.6 W of power could be 
dissipated in the isolation resistors. Table 3-6 presents a com- 
parison between the combiner and a side-by-side phased array. 

The following subsections summarize a comparison of the three con- 
figurations , 


3. 4. 2. 1.1 Configuration Dl: Full Array With 9-Way Combiners 

This configuration (Figure 3-26) is similar to Configu- 
ration Al. To achieve the maximum desired e.i.i.p., about 600 
elements are needed to allow for amplitude taper. The minimum 
element spacing required in Configuration A is not a restriction 
in this case, since the beam is not dynamically scanned. The 
only requirement is use of the maximum spacing necessary to avoid 
grating lobes in the FOV. The major concern is heat dissipation. 

The PDN for each beam could be constructed of reduced 

height waveguide, stripline, or MIC. An MMIC module is connected 

at each output of the PDN. The beams in the desired direction 
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-MULTIPLE BEAMS (18) 

-52-62 dBW/BEAM (E.I.R.P.) 

-CON5TANT GAIN (.2 W MAX OUTPUT) AND 3-BIT PHASE-SHIFTER 
(FOR TRIMMING) MMIC 


Figure 3-26. Configuration Dl: Full Array 

With 9 -Way Combiners 







are produced by providing the proper phase distribution. through 
the variable phase shifter of the module or by fixed line lengths. 
Each beam can be trimmed independently through these VPS modules. 


3. 4. 2. 1.2 Configuration D2: Interleaved Arrays 

The major problem posed by this configuration is the 
complexity of the interconnections between the antenna elements 
and MMIC modules, as encountered in Configuration A2. A 24 x 24 
element array is needed for each of the nine orthogonally polar- 
ized beam pairs. The interleaving of the elements of nine arrays 
imposes limitations on the size of the element. To avoid grating 
lobes in the FOV, the spacing between adjacent elements becomes 
less than one-half wavelength, which is not feasible. 


3. 4. 2, 1.3 Configuration D3: Individual Side-by-Side Arrays 

Another possibility is to have the nine 24 x 24 element 
(1\) phased arrays arranged as shown in Figure 3-27. This con- 
figuration removes the complexity of the interleaved- elements ar- 
rangement, and provides the capability of individual beam-position 
trimming . 

To obtain the 53-dBi gain from the antenna configuration, 
the complete radiating aperture must be used. Assuming an equiva- 
lent element of size 3A., about 72 elements can be arranged on one 
side of a square. Configuration D3 has nine arrays of equal 
dimensions, which means that each array can have 576 elements of 
approximately 1\ in size arranged in a 24 x 24 element square. 

In this case, each element is capable of radiating 0.2 W for each 
beam, as opposed to 0.022 W in the combiner case, thus providing 
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24 x 24 ELEMENT ARRAY 


CONFIGURATION D3 

-MULTIPLE BEAMS (18) 

-52-62 dBW/BEAM (EXR.P.) 

-CONSTANT GAIN (.2 W MAX OUTPUT) AND 3-BIT PHASE-SHIFTER 
(FOR TRIMMING) MMIC 




Figure 3-27. Configuration D3: 


Individual Side-by-Side Arrays 
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115 W. With the additional elements , a reasonable amplitude taper 
can be achieved through a proper selection of power division ratios 
in the PDN. 

The major problem in this configuration is that, through 
the use of a smaller array, both the gain and the resolution (beam- 
width) of the far- field beams are degraded. The increased power 
can overcome the gain reduction; however, the decrease in resolu- 
tion will limit the number of beams achievable. Therefore, this 
is not a recommended configuration. 


3. 4. 2. 2 Configuration E: Feed Cluster 


Multiple fixed beams (10 to 18) will be generated in 
specified directions by using 0.5-W VP A modules. An e.i.r.p. of 
52-62 dBW per beam and a capability to trim the beam positions 
individually is required. 

Since no phase shifting capability is available, the 
beams can be generated through a cluster of horns feeding a Casse- 
grain system, as shown in Figure 3-28. The trimming is achieved 
by varying the amplitude coefficients of the antenna elements, 
since the output power of the MMIC modules feeding the antenna 
elements is controllable. 

Approximately 16 uniformly illuminated elements are 
needed to achieve the desired e.i.r.p. To provide for an ampli- 
tude taper and beam position trimming, additional elements will 
be needed around the periphery. Because feed region space is 
limited in a Cassegrain system, a smaller cluster such as the 
square cluster is preferable. Each cluster can produce two orthog- 
onally polarized beams by using an OMT. In view of the trunking 
locations on CONUS, it is possible to have such feed clusters, 
each producing two orthogonally polarized beams used for adjacent 
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CONFIGURATION E 

-MULTIPLE BEAMS (18) 

-52-62 dBW/BEAM (E.6.R.P.) 

-VARIABLE GAIN (.5 W MAX OUTPUT, 5 LEVELS) MMIC 
-ONE FEED CLUSTER FOR EACH BEAM 


Figure 3-28. Configuration S: Feed Cluster 





trunking locations , thereby providing isolation through 
polarization-. 

In terms of the number of components, *76 antenna ele- 
ments, 576 OMTs, 576 MMIC modules, and nine PDNs (1 x 64) are 
needed. 

To achieve sufficient beam isolation, a tapered ampli- 
tude distribution will be required for each component beam. This 
will require large feed arrays to be used and will result in a 
complex BFN which may involve co-polarized feed sharing. 


3.4.3 CONFIGURATION F: 5PACE-FED PHASED ARRAY— LENS 

Both multiple scanning spot beam and multiple fixed spot 
beam systems can be designed when the phased array is space-fed 
by using a lens configuration, as shown in Figure 3-29. The beam 
direction is controlled by a switch in the feed array. The VP A 
modules are inserted in the lens between the input and output 
arrays, and the amplifier levels are set to produce the required 
taper. The levels can be set appropriately for the scanning beam 
case to maximize the beam isolations. 


3.4.4 CONFIGURATION G DIRECT RADIATING PHASED ARRAY 

A direct radiating phased array can be used for both 
the scanning beam and fixed beam cases. The phased array design 
and its network are similar to Configurations A, C, and D. How- 
ever, the size of the elements and the array will be multiplied 
by the magnification factor, Which will result in a heavy design 
that may require a complex deployment mechanism. 
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Figure 3-29. Configuration F: Lens 
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3.5 


PARAMETRIC STUDIES 


An extensive parametric study was performed in the areas 
of BFNs , arrays# and reflector optics. Based on the results ob- 
tained# it was determined which configurations offer the best po- 
tential for future satellite application. 

The total power efficiency determined for each configu- 
ration represents the single most important parameter in deter- 
mining system feasibility. Most configurations were investigated 
from the viewpoint of the e.i.r.p. level specified in the SOW. 

This requirement# coupled with the desire for six scanning beams, 
made Configuration A initially noncompetitive with conventional 
transponder approaches that used TWTs. This was because all 
amplification was before the combiners at the input of each feed 
element. In Configuration C, the variable amplifiers preceding 
the combiner can be driven at a lower power level, with power 
amplification achieved principally after the combiners. This 
configuration results in a total power efficiency which is com- 
petitive with the TWT approach. 

Configuration B results in a complicated combination of 
optics and feed networks, whether the Butler matrix or lens ap- 
proach is used. The Butler matrix BFN is extremely difficult to 
realize, while the lens replaces the Butler BFN with free space. 
Hence, the lens- fed reflector system was considered as the pre- 
ferred choice for further study. 

In the fixed beam configurations, a true phased array 
approach is not feasible given the modules, the e.i.r.p.# and the 
initial beam trimming requirements. Configuration D resulted in 
an inefficient system and was not seriously considered for further 
study. Several options for Configuration E were studied. In the 
focal region approach# the required e.i.r.p. is not currently 
achievable; however, the lens- fed reflector system appears to be 


able to meet the e.i.r.p., although beam trimming may hot be 
feasible. A second possibility is an array- fed optical system, 
but here also beam trimming is impractical. Either or both of 
these configurations would be a preferred approach. 


3.5.1 CONFIGURATION PARAMETRIC STUDIES 

A detailed parametric study was undertaken on each of 
the final BFN configurations and their variations. The output of 
this undertaking is a set of curves relating relevant parameters 
for each configuration. Typically, a set contains the following 
parametric curves: 

a. e.i.r.p. vs gain with radiated power as a parameter, 

b. radiated power vs number of elements with MMIC 
module output power as a parameter, and 

c. prime power vs radiated power with MMIC module 
efficiency as a parameter. 

In all curves, the values of all power-related parameters (prime 
power, e.i.r.p., etc.) are per-beam values; consequently, they 
must be multiplied by the number of beams to achieve the total 
required power. 

In the course of designing a specific configuration, 
stepping through the set of parametric curves produces a set of 
design values. In this parametric study, the details of the de- 
sign are not considered. What is considered is an overall loss 
occurring in combiners, waveguide runs, and OMTs in each configu- 
ration. 

The feasibility of the configurations under analysis 
will indicate which four configurations should be considered for 
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a more complete parametric study leading to a specific detailed 
design. The following subsections discuss the parametric curves 
for the various configurations. 


3. 5. 1.1 Scanning Beam BFNs 

The achievable antenna gain from a main reflector of 
given size is obtained from the optics parametric curves. For 
example, a 3.96-m (13-ft) diameter parabolic reflector with 
60 -percent illumination efficiency may yield a gain of 53 dBi . 
Assuming an e.i.r.p. of 70 dBW/beam as desirable, 50.1 W/beam of 
power is radiated, as shown in Figure 3-30. The number of antenna 
elements needed to radiate 50.1 W/beam can be found from the radi- 
ated power vs number of elements parametric curves in Figures 3-31 
and 3-32. This number is configuration-dependent. Specifically, 
for Configuration Al this number is 825, in Configuration A2 it 
is 2,475, and in Configurations B1 and C it is 325. 

Once this number is determined for a given configura- 
tion, the total prime power needed to radiate 300.6 W (50.1 W/beam) 
is determined from the prime power vs radiated power curves given 
in Figures 3-33 to 3-35. These parametric curves are also 
configuration-dependent. Specifically, for Configurations Al and 
A2, 6,600 W of prime power is necessary, in Configuration B1 this 
number is 2,250 W, and in Configuration C it is 2,330 W. It is 
now possible to calculate the overall efficiency of a configuration. 
In case of Configuration Al, this efficiency is a low 4.5 percent, 
in Configurations A2 and B1 it is 13.5 percent, and in Configura- 
tion C it reduces slightly to 13 percent. Once power consider- 
ations are completed, array considerations such as element spacing 
and size grating lobes can be undertaken. 
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Figure 3-32. Radiated Power vs Number of Antenna Elements 
With Maximum MMIC Output Power as Parameter 
for Configuration A2 
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In scanning beam Configuration B2, which is a single 
horn/beam-fed Cassegrain system, the desired e.i.r.p. is not 
achievable. Use of a larger cluster of seven horns per beam will 
only yield an additional 2.2-dB e. i.r.p./beam, since the outer 
ring of the cluster will be radiating less than the maximum output 
power of the MMIC module when a taper is introduced to achieve a 
low sidelobe level. Hence, a small gain in e.i.r.p. is achieved 
at the expense of a large increase in the number of elements. To 
cover the conus with a 0.3° beam maintaining a -3-dB overlap, an 
excessively large number of antenna elements is needed, yet the 
required e.i.r.p. may not be achieved. 

The lens configuration F (Figure 3-29) was subsequently 
considered as an alternative to the Butler matrix feed, since 
space can be used to replace the complex BFN and reduce the net- 
work loss. An additional complication is that the number of an- 
tenna elements required for the lens is almost twice that needed 
in the Butler matrix configuration. The losses occurring in this 
configuration consist of waveguide and transition losses, which 
should be small assuming the periodic lens surface can be matched 
for all incident angles. Consequently, the overall efficiency of 
this configuration is better than that of the Butler configuration 
The relevant parametric study curves for Configuration F are shown 
in Figures 3-36 and 3-37. 

The directly radiating phased array. Configuration G, 
is essentially an enlarged version of the smaller phased array 
used as a feed for the near-field Gregorian system in other con- 
figurations. However, there are some basic differences. The 
total achievable efficiency of a directly radiating phased array 
can be made higher than that of a phased-array-fed Gregorian 
system where a maximum of 50 to 60 percent is possible. This is 
because, in practice, the directly radiating phased array will 
operate at efficiencies between 70 and 80 percent for sidelobe 









control, but without the spillover losses associated with optical 
systems. Consequently, a directly radiating phased array of a 
size comparable to the main reflector of the Gregorian system will 
have a potential of up to 1 dB more gain. This means a reduction 
in the radiated power for the same e.i.r.p. Specifically, for 
the case under consideration, about 40 W/beam is required to 
achieve an e.i.r.p. of 70 dBW/beam. The number of antenna ele- 
ments needed will also be less, but they will be larger. About 
260 elements will be required if a directly radiating phased 
array is implemented in Configuration C. In turn, the prime 
power requirements are lowered to 1,850 W, while the overall 
efficiency remains about the same. 


3. 5. 1.2 Fixed Beam BFNs 


The starting point for this parametric study is the same 
as in the scanning beam case, that is, the achievable gain for a 
main reflector of given size. For uniformity throughout the dis- 
cussion, the same value (53 dBi) will be used. This leads to the 
amount of radiated power, which is 2.5 W/beam for an e.i.r.p. of 
57 dBW. 

For Configuration Dl, which uses a 9-way combiner, 125 
antenna elements, arranged in a phased array configuration, are 
needed to radiate 2.5 W/beam in the 18 -beam case. The prime power 
needed is 3,000 W, which makes this configuration highly ineffi- 
cient (1,5 percent). Figures 3-38 and 3-39 depict the relevant 
parametric curves. The other possible approach is to use 7-horn 
clusters for each of the beams in a Cassegrain system. For this 
case, it is not possible to achieve the desired e.i.r.p. or to 
trim the beam pointing direction. 

In Configuration S, a 9-horn cluster is used for each 
of 18 beams, also in a Cassegrain system. The desired e.i.r.p. 
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Figure 3-38. Radiated Power vs Number of Antenna 
Elements With Maximum MMIC Output Power 
as Parameter for Configuration D1 







pChW) 





of 57 dBW is not achievable; however, it is possible to, trim beam 
pointing direction, since additional antenna elements can be added 
to surround the 9-horn cluster. 

Another possible fixed beam configuration uses the lens 
and 18 feed elements or clusters to create the 18 beams. This con- 
figuration appears to offer some promising features for both the 
fixed beam and possibly the scanning beam options. 


3. 5. 1.3 Conclusions of Configuration Parametric Studies 

All the relevant characteristics for each of the con- 
figurations and their variations for a specific e.i.r.p. require- 
ment (70 dBW) and a given main reflector size (4.0 m) are listed 
in Table 3-7. Based on these numbers in the context of tradeoffs, 
it is easy to pinpoint the more energy-efficient configurations . 

It appears that for the scanning beam case. Configuration C the 
lens, and the directly radiating phased array would be potential 
candidates for further investigation. The lens and Configuration E 
represent potential candidates for the multiple fixed beam case. 


3.5.2 PHASED ARRAY PARAMETRIC STUDIES 

Parametric studies were also performed on the different 
aspects of the phased array. The upper and lower limits on the 
element spacing, and consequently the element size, were plotted 
for various magnification factors, M, and crossover levels. The 
limiting factors are the existence of grating lobes in the cover- 
age region and the phase-shifter increment of the MMIC device. 
Studies were made of circular and square horn elements arranged 
in rectangular and triangular lattices. Also, the number of 
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Table 3~7. Comparison of the 10 Configurations 




OJ 



Multiple Scanning Beams 

Multiple Fixed Beams 

Characteristic 

Al 

Combiner 

A2 

Interleave 

HI 

Butler 

Matrix 

B2 

1-Hern Peed 

C 

Combiner 

P 

Lens 

G a 

Phased 

Array 

Di 

Combiner 

02 

'T-KOtn Cluster 

E 

9-Horn cluster 

Desired e.i.r.p. 
(dBW) 

70 

70 

70 

Not possible* 5 
50 achievable 

70 

70 

70 

57 

Not possible* 5 
46.2 achievable 

Not possible* 3 
52.4 achievable 

Available Gain 
<dB] <13 ft. 
Dta., i) = 0.6) 

53 

48.23 

53 

53 

53 

53 

>53 

53 

53 

53 

Kadiated Power 
per beam (W) 

50.1 

150.3 

50.1 

0.5 

50.1 

50.1 

<50.1 

2.51 

0.34 

0.07 

Optics 

Gregorian 

Gregorian 

Gregorian 

Cassegrain 

Gregorian 

Gregorian 

HA 

Gregorian 

Cassegrain 

Cassegrain 

No. of Antenna 
Elements 

B25 

2475 

325 

400 (for 400 
beam positions) 

325 

630 

<325 

125 

125 

288 

equivalent® Ele- 
ment Spacing 
(Triangular) { U 

7.5 in 

bDth 

planes 

13 in one 
plane, 

8.6 in 
the other 

12 in both 
planes 

1 

12 in both 
planes 

12.6 in 

both 

planes 

>12 in 

both 

planes 

19 in both 
planes 

1 

1 

Equivalent* 3 Ele- 
ment Size, d(l) 

7.5 

4.3 

12 

1 

12 

12.6 

>12 

19 

1 

1 

ueamwidth (deg) 

0.3-, 

pencil 

>0.3", not 
pencil 

0,3®, 

pencil 

0.3®, pencil 

0.3°, 

pencil 

0.3°, 

pencil 

0.3®, 

pencil 

0.3®, 

pencil 

0.3®, 

pencil 

0.3®, 

pencil 

Element period- 
icity 

Triangular 
d/2 offset 

Triangular 
3d/2 off- 
set 

Triangular 
d/2 offset 

NA 

Triangular 
d/2 offset 

Triangular 
d/2 offsDt 

Triangular 
d/2 offset 

Triangular 
d/2 offset 

NA 

NA 

Grating Labes 
in FOV 

No 

Yes, not 
avoidable 

Yes°, but 
avoidable 

Nft 

Tos°, but 
avoidable 

Sfes B , but 
avoidable 

yes e » but 
avoidable 

yes°, but 
avoidable 

NA 

NA 

Mutual Coupling 
(adjacent ele- 
ment) (dB) 

-18 

-15 

-20 

NA 

-20 

-21 

-20 

-16 

NA 

NA 

Maximum Output 
Power per hmic 
(W) 

0.2 

0.2 

0.5 

0.5 

0.5 

0.5 

0.5 

0.2 

0.2 

0.5 

MMIC Efficiency 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

Total Prime 
Power (H) 

6,600 

6,600 

2,250 

40 

2,330 

2,100 

<2,330 

3,000 

175 

6,460 
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Table 3-7. Comparison of *fche 10 Configurations (Cont'd) 



Multiple Scanning Beams 

Multiple Pixed Beams 

Characteristic 

A1 

Combiner 

A2 

Interleave 

B1 

Butler 

Matrix 

B2 

l-Horn Feed 

C 

Combiner 

F 

Lens 

G a 

Phased 

Array 

D1 

Combiner 

D2 

7-Horn Cluster 

E 

9-Horn cluster 

beat Dissipa- 
tion (W) 

MMIC 

Combiner 








■ 



5, 610 
660 

5,610 

1,841.7 

37 

1,993.4 

6.5 

1,705 

<1,993,4 

<6.5 


162 

6,424 

ohT and 
waveguide 

29.4 

88.2 

107.7 

— 

29,5 

14.4 

<29.5 

mz- 

7 

20 

NO. Ot HHICS 

4,950 

4,950 

6S0 

400 

2,600 

630 


2,250 

126 

288 

No. of Combiners 

1,650 

HA 

NA 

NA 

650 

NA 

NA 

250 

HA 

NA 

NO. Of OMTS 

325 

2,475 

325 

NA 

325 

NA 


125 

NA 

NA 

PDN Size (Loss) 
(0.7 dU/Levol) 

1 x 325 
(7 dB) 

1 X 825 
(7 dB) 

X x 325 
(6 dB) 

NA 

1 x 325 
(6 dB) 

switch 
matrix 
1 x No. 
of beam 
positions 

Smaller 
than 
1 x 325 

1 x 125 
(5 dB) 

1x7 

1.9 

No. Of PONs 

G 

6 

2 

NA 

6 

1 

6 

IB 

1 

1 

Complexity of 
Network 

Simple 

Very 

Complex 

Involved 

Simple 

Simple 

Simple 

Simple 

Simple 

Simple 

Simple 

Overall Effi- 
ciency (ft) 

4.5 

13.5 

13.5 

—15 

13 

14.3 

>13.5 

1.5 

3,0 

; 

0.2 e 


a The values Ear various parameters are listed as ^ or _< because the aperture efficiency obtained Eron a directly radiating phased array can bo 
up to 100 percent. Consequently, the gain is higher and radiated power is less (see text). 

B It is not possible to achieve the required e.l.r.p. without mating the number of antenna elements unmanageably large and the system inofEl- 
clent. The e.i.r.p.s listed are those achievable by normal feed clusters. 
c Kqulvaient element spacing is the spacing in the main aperture (reflector) for Gregorian systems. The actual spacing is 1/H times this, 
whore H is the magnification. For Cassegrainian systems, the actual spacing is given. 

“Equivalent element size is the sice in the main aperture for Gregorian systems. The actual sice is 1/H times this. For Cassegrainian 
systems, the actual size is given. 

e Tho grating lobes exist in FOV with this spacing, but can be avoided by reducing the spacing between elements. This requires that tile number 
ol antenna elements be increased to use the total available aperture. These additional surrounding elements can be excited with 
lower power levels, thereby having an amplitude taper on the aperture. This will increase the prime power requirements, but only nominally. 
^Tho efficiency is low because additional antenna elements are needed to surround the cluster no that the beam pointing direction can be 
adjusted. The amplifiers feeding these additional elements must be kept on at all times. These dissipate SO mW at the lowest 'on' level. 

If beam pointing direction requirements are not necessary, then these additional elements are not needed. This increases the efficiency to 
11.3 percent and reduces prime power requirements to 140 W. 
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scanning steps, or component beams, in the coverage region for 
the two lattices was determined for different crossover levels. 
The beamwidth for different beam levels was plotted versus the 
main reflector diameter for different aperture distributions. 


3 . 5 .2 .1 Upper Bounds on Element Spacings 


The upper limit on the element spacing in the array is 
determined by the existence of grating lobes in the coverage 
region for all scanning positions. The relationship between the 
maximum, d/A, and the scanning range, +6^, is 


dA 1 2 sin <“■> 


(3-11) 


For the CONUS coverage region, 6 = 3.5° in azimuth and 0 = 1.6° 

in elevation. Figure 3-40 shows the maximum element spacing in 
both azimuth and elevation for different magnification factors, M. 


3. 5. 2. 2 Lower Bounds on Element Spacings 

The lower bound on the element spacing in the array de- 
pends on the far-field beamwidth and the phase shifter increment. 

It also depends on the array lattice shape and, for a triangular 
lattice, on the array element shape. 

To cover the whole region with beams of a certain level 
below the peak, the individual beams must have an overlapping ratio, 
K, which depends on the array configuration and element type. For 
the same phase-shifter increment, the smaller the overlapping ratio, 
the larger the element spacing must be. For a rectangular lattice, 

K takes the value of 0.707 for any element shape, as follows: 
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Figure 3-41 plots the minimum element spacing for various phase 
shifter increments to achieve a K = 0.707. 

For a triangular lattice with circular horns, the over- 
lapping ratio differs in azimuth and elevation, as follows; 

0.866 A 



This gives freedom in orienting the array such that the dimension 
with a larger overlapping ratio is in the direction with wider 
scanning. Figure 3-42 plots the minimum element spacing for vari- 
ous phase shift bits based on K = 0.75. Figure 3-43 is a plot 
for a triangular lattice of circular horns in the overlapping 
direction of K = 0.866. 

The triangular lattice with square horns produces the 
same overlapping ratio (K = 0.8) in both azimuth and elevation, 
as follows: 
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This results in an overall smaller element spacing than the rec- 
tangular lattice and more uniform scanning steps than the tri- 
angular lattice with circular horns. The minimum element spacing 
for a triangular lattice of square horns is presented in Fig- 
ure 3-44. 

For the CONUS coverage region, the number of component 
beams, or scanning steps, depends on the array lattice for a 
specific beamwidth. The triangular lattice offers a smaller num- 
ber of scanning steps, as depicted in Figure 3-45* 

The beamwidth in the far field is a function of the re- 
flector diameter and the edge taper. The direct relationship be- 
tween the beamwidth, for a specific beam level and the reflector 
diameter, D, is determined through the ratio D/A. This, in turn, 
is a function of the frequency. The 10-dB edge taper represents 
a typical value for obtaining efficient illumination of the re- 
flector. Based on this edge taper, Figure 3-46 plots the various 
beamwidth sizes as a function of D/A. 

A 0-dB edge taper indicates uniform illumination of the 
reflector. This represents a lower limit on the beamwidth that 
can be produced by using a specific aperture diameter. Figure 3-47 
plots the minimum beamwidths achievable as a function of D/A . 

Figures 3-46 and 3-47 can be used to determine the range 
of total beam positions for a specific D/A in the main aperture. 



Figure 3-44. Minimum Element Spacing vs Beamwidth 
With Phase-Shifter Bits as Parameter — Triangular 
Lattice of Scruafe Apertures 
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Figure 3-45. Number of Component Beams for CONUS Coverage 
vs Beamwidth for Different Lattices 
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Figure 3-47. Beamwidth vs Main Reflector Diameter With 
Beam Level as Parameter — 

0-dB Edge Taper 
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3.5.3 


REFLECTOR OPTICS PARAMETRIC STUDIES 


3. 5. 3.1 Confocal Reflectors 


To investigate the effect of F/Dp of the main reflector 
on the performance of the confocal system, two F/D.^ values (0.3 
and 0,5) are chosen. The size of the main reflector aperture is 
fixed at D = 271.3 cm (106.8 in.). The focal lengths are 242.6 cm 
(95.526 in.) and 404.4 cm (159.2 in.), respectively, for these 
two cases. Since the feed array may consist of thousands of ele- 
ments,. it is not practical to model this array precisely on the 
computer because of the large amount of CPU time required. In 
this study, the phased array is modeled by a point source at in- 
finity which has a restricted angular range corresponding to the 
phased array scan range. 

The maximum far-field scan angles are set at +4°. Thus, 
the maximum scan angles for the array are +4° times the magnifi- 
cation factor, M. Subreflector size is determined by the maximum 
array scan angle, the main reflector size, the magnification factor, 
and the array position chosen at the conjugate point of the main 
reflector center. 

For each magnification value ranging from 2 to 5, nine 
beams were generated with scan angles from -4° to 4° in the azimuth, 
elevation, and diagonal plane, respectively. From this pattern 
data, curves relating scan loss and sidelobe levels vs scan angles 
are obtained and given in Figures 3-48 and 3-49. Other parameters, 
such as array position and offset angles of the reflector, have 
been investigated and are discussed in greater detail in Section 4. 
The figures verify that, in this optical configuration, scan losses 
increase with increased magnification, M, and reduced F/D ratios. 
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3 . 5 . 3 * 2 Cassegrain Systems 


The main reflector used in this study has a circular 
aperture size of 271.3 cm {106.8 in.) and an offset height of 
142.5 cm <56.12 in.). The focal length for this reflector is 
335.3 cm (132 in.). The tradeoff study concentrates on the sub- 
reflector and feed parameters. The subreflector parameters in- 
clude the subreflector size, D, and the focal length. The ratio 
of the main reflector focal length, F x , to the subreflector focal 
length, F 2 , is the magnification factor, M. The five subreflec- 
tor geometries considered in the parametric study are listed in 
Table 3-8. The magnification factor ranges from 1.5 to 3, and 
the subreflector sizes are determined for a maximum scan of +3.5°. 

The feeds of these systems are located at the optimum feed locus 
developed by Krichevsky at COMSAT Laboratories [3-3]. 

Figure 3-50 shows the scan curves for these five systems. 

It can be seen that the system with a small magnification has less 
scan loss. Also, as shown in Figure 3-51, the peak gain from a 
small-M system is higher. However, the horn spacing between two 

adjacent beams with fixed crossover level is smaller for a small 

magnification system. The tradeoff study also includes the block- 
age caused by the subreflector. As listed in Table 3-8, the sub- 
reflector is smaller for larger M. In fact, the clearance angle [ 

of the system for M = 1.8 is 3.49°, which is the marginal angle t- 

for the CONUS coverage. Parametric tradeoff data for the horn 
design will be detailed in Section 4. 
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Table 3-8. Comparison of 
Cassegrain Systems 


M 

(cm) 

Fi 

(cm) 

f 2 

(cm) 

Dx 

(cm) 

1.5 

106.7 

71.1 

136.1 

1.8 

114.3 

63.5 

120.7 

2 

118.4 

59.2 

113.5 

2.5 

127.0 

50.8 

100.6 

3 

133.4 

44.5 

91.9 


3.6 RECOMMENDED DESIGNS 


The preceding discussions have addressed a number of con- 
figurations and some of the important parameters that are required 
to assess the feasibility of each multiple scanning beam and multiple 
fixed beam design. Based on these data, COMSAT selected two fixed 
beam and two scanning beam configurations for the in-depth analysis 
reported in Section 4. 

As discussed, the integration of the phase shifter and 
amplifier into the VPS module leads to a dilemma in certain con- 
figurations. For the design presented in Section 4, COMSAT and 
NASA agreed that improved performance could be achieved in many of 
the configurations if the phase shifter and amplifier sections 
were split. Thus, inefficient designs such as Configurations A1 
and D1 could become competitive with the more efficient configu- 
rations. 

For separate 5-bit phase shifter module and a 0.2-W 
amplifier module, four configurations were recommended by COMSAT 
and approved by NASA for further study. 



The multiple scanning beam designs chosen were as follows: 

a. Configuration C (Figure 3-25), with the provision that 
the variable gain 0.2-W amplifier preceding the combiner be removed. 

This configuration employs a 0.5-W variable-gain amplifier and a 
5 -bit phase shifter. 

b. Configuration F , the hens (Figure 3-29), which uses only 
a 0.5-W variable-gain amplifier. This design can also be used for 
multiple fixed beams by removing the dynamic switch matrix and 
using a fixed number of horns or clusters of horns. 

The following multiple fixed beam designs were selected: 

a. Configuration D1 (Figure 3-26), with the provision that 
the amplifier be placed after the 9-way combiner. The configuration 
then uses a 0.2-W fixed gain amplifier and a 5-bit phase shifter. 

b. Configuration E (Figure 3-28), which uses only the 0.5-W 
variable gain amplifier. This is the only configuration that 
employs a focal-region-fed optical system. 
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4. REFINED SYSTEM DESIGN 


4.1 INTRODUCTION 


Task III of this project dealt with refining the designs 
of the configurations selected for the scanning beam and multiple 
fixed-beam systems. As a result of the parametric studies, two 
designs offered definite advantages for the multiple scanning-beam 
system: Configuration C, a phased- array- fed confocal paraboloid 

system; and Configuration F, a lens-fed confocal paraboloid system. 
For the multiple fixed-beam option, three designs were selected 
for detailed study: Configuration Dl, a a phased- array- fed con- 

focal paraboloid system; Configuration E, a focal-region- fed 
Cassegrain system; and Configuration F, a lens-fed confocal 
paraboloid system. 

This section presents a detailed analysis of each of 
these configurations. The optical properties of the confocal 
paraboloid and the Cassegrain system are studied, and the param- 
eters involved in the element design and array design of the 
phased array are discussed. To select an optimum scanning per- 
formance, two lens designs are considered, bifocal and quadrufocal. 
To obtain the far-field patterns of the different phased-array 
designs, the near-field performance of the array must be evaluated. 
An efficient method of calculating the near field of the array at 
the subreflector and transferring the results of that calculation 
into the far field of the confocal paraboloid system is also pre- 
sented. The far-field patterns of all selected configurations 
are calculated and assessed. 
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FJNAL DESIGN CONSIDERATIONS 


Ttoo reflector systems are proposed that will generate 
scanning spot beams and fixed spot beams. An offset near-field 
Gregorian reflector system with a phased array or lens feed is 
designed for beam scanning, and an offset Cassegrain system is 
used to form spot beams for the 18 cities. The design procedures 
for these two systems will be discussed in detail in the subsec- 
tions that follow. Numerical data resulting from computer model- 
ing of the antennas are presented to demonstrate that the antennas 
are capable of meeting the requirements in the critical coverage 
areas, thus validating the design concepts for the reflector system. 


4.2.1 NEAR-FIELD GREGORIAN SYSTEM 

For a scanning-beam TDMA satellite application, phased 
arrays seem attractive because they can provide high gain and 
narrow spot beams that rapidly scan the coverage area. However, 
to generate such beams, a phased array with a large radiating 
aperture must be used. The implications of weight, loss, feed 
network complexity, and packaging could make a large, passive, 
directly radiating phased array impractical. An alternative ap- 
proach to achieve the performance of a large- aperture array is to 
use two confocal paraboloidal reflectors fed by a phased array £4-1] 
or a space- fed array (lens). The reflector design will be presented! 
in this subsection, and the phased array and lens designs will be 
discussed in Subsections 4.3 and 4.4. 
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4. 2. 1.1 Reflector Configuration 
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In a confocal reflector system, a small parabolic sub- 
reflector is illuminated by the near field of the phased array or 
lens# and a large parabolic surface is used as the main reflector. 
To avoid subreflector blockage, an offset geometry is usually em- 
ployed. If the array is located so that its center and the cen- 
ter of the main reflector are conjugate points of the optical 
system, a magnified image of the array is formed on the aperture 
of the large reflector. The conjugate points in an optical sys- 
tem are defined so that rays originating from one point are 
transformed by the optical system into rays that pass through 
another point [4-2]. 

Since this system is fed by a plane wave source and the 
subreflector is placed in the near field of the array, it is re- 
ferred to as the near- field Gregorian system (Figure 4-1). 

Another type of confocal reflector system is the near- field 
Cassegrain system shown in Figure 4-2 . The advantage of using 
the Gregorian configuration for the confocal paraboloid arrange- 
ment is that the feed array does not block the ray path between 
the two reflectors, and both reflectors have smaller offset. The 
disadvantage of this configuration is that it occupies more space, 
since the spacing between the two reflectors is proportional to 
Fi + F 2 . Conversely, a Cassegrain arrangement provides a larger 
F/D ratio for the same magnification factor under the same volume 
constraint. This results in less phase aberrations and thus 
better sidelobe, cross -polarization, and scan performance for 
limited angular scan. However, the offset version of this an- 
tenna has a severe blockage problem caused by the feed array. 
Therefore, the Gregorian configuration was chosen for the con- 
focal reflector system design. 



Gregorian 





4. 2.1. 2 Optical Parameters 


The main optical parameters in the design of confocal 
reflector systems are magnification factor, F/D^ ratio, array lo- 
cation, and offset height, as follows: 

a. Magnification Factor , since the confocal parabolas mag- 
nify the field image of a phased array, for a specified main 
reflector the array aperture is inversely proportional to the 
magnification factor, M, which is defined by 

I>i Fi 

M= = ( 4 . 1 ) 
a 2 

It may be advantageous to use a large M so that a small array feed 
can be used; however, the scan range is inversely proportional to 
the magnification [4-1]. That is, the larger the magnification, 
the wider the array scans will be, and consequently, the larger 
the aberrations and scan loss will be. On the other hand, a mag- 
nification that is too small does not exploit the advantage of 
magnifying the phased array. Thus, the magnification to be con- 
sidered in this study is limited to the range from 2 to 5. Since 
the main reflector size is fixed, variation in magnification 
implies a change of the subreflector size and its focal length. 
Table 4-1 lists the subreflector parameters as a function of the 
magnification for a specified main reflector geometry with diameter 
Di - 271.3 cm, F x as 323.5 cm, and offset height h 2 = 133.1 cm.. 
Parameters D* , , h x , D 2 , F 2 , and L are defined in Figure 4-1. 

The main reflector diameter, D 1 , was chosen based on the availa- 
bility to NASA of a reflector with this dimension. 

A set of scan curves generated for this antenna geom- 
etry is shown in Figure 3-48. The scan range is limited to ap- 
proximately +4° , since the field of view of the CONUS coverage as 
seen from the geosynchronized orbit is 7° . These scan curves 
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Magnifi- 

cation 

m 

E>2 

(cm) 

f 2 

(cm) 

2 

207.3 

121 . 3 

3 

156.5 

80.9 

4 

132.6 

60.7 

5 

118.4 

48.5 


show that scan loss increases as the magnification factor increases 
for a fixed scan angle. Sidelobe performance also varies as M 
changes. Figure 3-49 shows the first sidelobe level vs scan angle 
for various M values. To illustrate the sidelobe structure of 
the scanned beams as a function of M r Figure 4-3 shows the ele- 
vation cut patterns of M = 2 and M = 5 . The contour patterns 
(-3, -5, and -7 dB) are shown in Figure 4-4 to demonstrate the 
scan degradation in both gain and beam shape. It is obvious from 
these figures that scan performance deteriorates more for systems 
with large M at extreme scan angles. On the other hand, although 
significantly less beam degradation can be achieved by using a 
small M system, the subreflector is usually impractically large, 
as seen in Table 4-1. Therefore, a magnification factor between 
3 and 4 is recommended. The magnification for the final design 
is 3.6, which is obtained by satisfying the requirement imposed 
by the phased array design described in Subsection 4.4. 

b. F/D Ratio. In a paraboloidal reflector system, the 

■ C. ■ ■■ „ 

degradation of a scanned beam corresponding to an offset feed is 
proportional to the phase aberration that results from feed dis- 
placement or feed array scanning. One way to reduce the phase 
error is to choose a reflector with a large ratio of focal length, 
f, to parent paraboloid diameter, D . The effect of F/D p can be 
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Figure 4-3* Elevation Scan Plane Pattern 
of a Confocal Paraboloidal System 
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readily seen from Figure 3-4Sa and 3 48b. The scan loss for 
F/D p = 0.5 is always better than that for F/D ^ = C.3 for a fixed 
M value. Unlike the single parabolic reflector system, in which 
the feed size must be increased to maintain the same tapered il- 
lumination on the reflector when a larger F/D is used, the feed 
aperture size in a confocal reflector system is not affected be- 
cause the phased array feed illuminates the subreflector with 
plane waves. 

The disadvantage of using a large F/D is that a larger 
subreflector is required to maintain the same amount of spillover. 
For small scanning, the scan angle of the far field, 6, is related 
to that of the feed array, 0 , by {4-1] 

u 

6 = 0 VM (4-2) 

ct 

For larger scanning, the relationship is not linear, as demonstrated 
in Figure 4-5. The deviation depends on M and F/D , as well as 

li 

0. In practice, equation (4-2) is useful in determining the approxi 
mate array scan angle that corresponds to the far-field scan angle. 
The subref lector size is then limited by the two extreme scan rays 
on each size of the array. 

Another disadvantage of using a large F/D is that the 

J* 

spacing between the two reflectors becomes larger, which may cause 
package problems. The spacings, approximated by F 2 + F 2 for vari- 
ous F/D and M, are plotted in Figure 4-6. The figure clearly 
shows that, with F/D = 0.3, the system has the most compact dimen- 

■Xr 

sions; whereas, with F/D = 0.5, the system occupies the largest 
volume with the largest subreflector. However, the scan curves 
in Figure 3-50 show that scan loss is most severe for F/D^ - 0.3 
and moderate for F/D = 0.5. Therefore, the tradeoff is between 

if 

packaging and scan performance. A compromised F/D^ ratio of 0.4 
was thus chosen for the final design. 
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c. Array Location . To reduce spillover, the array should 
be placed close to the subreflector without blocking the ray paths 
between the two reflectors. The optimum region for array placement 
can be found by using the conjugate element concept [4-2] based 
on geometrical optics. To achieve maximum efficiency of illumina- 
tion, the center of the main reflector and the center of the array 
must be conjugate points. The distance between the center of the 
array and the center of the subreflector is given by 


L 


M + 1 
M 


(4-3) 


where is the radial distance from the focal point to the center 
of the subreflector [4-2] . Since the derivation of equation (4- 
3) assumes a small incident angle, the array location may not be 
optimized for moderate or large scanning. However, it still pro- 
vides a good estimate of where the array should be located, al- 
though an adjustment may be needed to determine the final feed 
position. 

To investigate the validity of this approach, a confocal 
reflector system with F/D = 0.5 and M = 3 is chosen, and scan 
curves are generated for various array positions, as shown in 
Figure 4-7. The optimum array position, 2, measured from the 

a 

focal plane is 79.7 cm. The gain curves vary only slightly from 
Z - 63.5 cm to 88.9 cm, but degrade severely for = 101.6 cm. 
Thus, the region adjacent to the conjugate point of the confocal 
system is the preferred array position, which optimizes both the 
boresight gain and scan loss. Consequently, the array in the 
final design will be placed in front of the subref lector at a dis- 
tance determined by equation (4-3). 

d. Offset Height . In an offset parabolic reflector sys- 
tem, the level of the eross-pol component introduced by the asym- 
metry of the reflector surface is proportional to the amount of 
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offset. Therefore, it is advantageous to use a small offset and 
to ensure that no blockage is created by the feed array or subre- 
flector. To avoid subreflector blockage, the clearance angle be- 
tween the main reflector and subreflector must be larger than the 
maximum scan angle, in this case about 4°. The clearance angle 
is determined by both the offset height and the size of the subre- 
flector. Subreflector size, in turn, is determined by the magni- 
fication, F/D , maximum scan angle, and array position. The 
tradeoff process is complicated because it involves many parameters. 
A trial and error approach is used to determine the offset height, 
with a final check made to ensure that the feed array does not 
block the ray paths. If blockage occurs, the array must be relo- 
cated within the optimum region, as discussed in item c of this 
subsection. If blockage remains, the offset height must be in- 
creased. For the final design, the offset height chosen is 133.1 cm 


4. 2. 1.3 Summary of the Near-Field Gregorian System Design 


The final design of the confocal system is derived from 
the analyses described in Subsection 4 . 2 . 1 . 2 . The parameters that 
define the antenna geometry (see Figure 4-1) are listed in Table 4-2 
The numerical results of this antenna design are presented in 
Subsection 4.6. 


Table 4-2 . Antenna Parameters for Final Design 
of the Near-Field Gregorian System 


Parameter 

Dimension 

Parameter 

Dimension 

Di 

271.3 cm 

D 

76.0 cm 

Fi 

323 . 5 cm 

h a 

36.7 cm 

hi 

133,1 cm 

L 

134 . 6 cm 

d 2 

134.6 cm 

9oo 

45.11° 

f 2 

91.1 cm 

02 

23.25° 

h 2 

7.4 cm 

02 

64° 



M 

3.6 
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4.2.2 


CONVENTIONAL CASSEGRAIN REFLECTOR SYSTEM 


An offset Cassegrain configuration was chosen for the 
multiple fixed-beam application, since the optics and the feed ar- 
ray design in a focal region feed system for generating fixed spot 
beams are simple and straightforward. The following subsections 
describe the design criteria and procedures for deriving the an- 
tenna parameters of the reflectors and the horn array. 


4 . 2 . 2 . 1 


Reflector Configuration 


Figure 4-8 shows the geometry of the conventional Casse* 
grain antenna configuration. The main reflector is a parabola 
with a circular projected aperture of 271.3 cm, a focal length of 
335.28 cm, and an offset height of 142.5 cm. Selection of this 
reflector is based on NASA's recommendation to investigate the 
performance of a reflector with the parameters specified above in 
terms of gain and isolation between adjacent beams. For a reflec- 
tor of this size, the beamwidth is approximately 0.4° at the down- 
link frequency of 17.7-20.2 GHz. 

The subreflector is a section of a hyperboloid with a 
circular, projected aperture of 116.8 cm. The focal lengths of 
the subreflector, 114.3 cm and 63.5 cm, result in a magnification 
factor of 1.8. The offset height is 67.3 cm and the clearance 
angle is 3.49°. The offset height and the diameter of the subre- 
flector were chosen to minimize spillover for the maximum scan 
angle while maintaining a blockage-free configuration. The subre- 
flector parameters chosen were based on a tradeoff study of the 
magnification factor and the focal lengths of the hyperboloid vs 
antenna gain. This study was performed under the constraint that 
s blockage- free condition must be maintained. 



For a hyperbolic subreflector, the magnification (defined 
as the ratio of the longer focal length to the shorter one) is 
proportional to the curvature of the surface, Larger surface cur- 
vature implies that the energy reflected from the surface would 
be more spread out. This greater spread increases the main re- 
flector spillover, especially for large scanning. Therefore, to 
reduce scan loss, a small- to-moderate magnification is recom- 
mended. Conversely, a small magnification system requires a 
relatively large subreflector, which would cause blockage prob- 
lems, By placing the focal points closer to the subreflector 
(that is, by decreasing Fi), subreflector size can be reduced 
while maintenaining a fixed magnification. Table 3-8 summarizes 
the geometries of the Cassegrain systems with various magnifica- 
tion factors. All the systems have the same main reflector, with 
a projected aperture of 271.3 cm, a focal length of 335.28 cm, 
and an offset height of 142.5 cm. This table shows that the 
system with the smallest magnification (M = 1.5) has the largest 
subreflector. On the other hand, the system with the smallest M 
also has the highest gain at boresight, as indicated in Figure 3-50. 

For a small-M system, the spacing between any two horn 
elements is also reduced (i.e., the size of the horn element is 
small), resulting in more spillover and less gain. In general, 
for the same F* , the spacing between two feed elements correspond- 
ing to two scanning directions is proportional to the magnification. 
Figure 3-51 shows the horn spacing that creates two adjacent beams 
whose centers are 0.4° apart for the Cassegrain systems investi- 
gated. The system with M = 1.5 has the smallest horn space. When 
cluster feeds are designed for the Boston, New York, and Washing- 
ton, D.C., areas, the horn sizes of the cluster elements may be 
impractically small; that is, the system with small M may not meet 
the isolation requirement. Horn size and cluster design will be 
discussed in Subsection 4. 2. 2. 2. 
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The tradeoff between the different subref lector parameters 
is complex. To establish the final design configuration, a rela- 
tively small magnification is chosen that offers the highest gain 
to meet the isolation requirement while satisfying the blockage- 
free condition. To demonstrate the performance of the final design 
system with magnification factors M = 1.8 and F x = 113.4 cm (see 
Figure 4-8), the scan patterns for scan angles ranging from 0° to 
4° in the azimuth plane are given in Figures 4-9 and 4-10. The 
levels presented in Figure 4-10 are -3, -5, -7, and -10 dB. The 
scan curves for systems with various magnifications are compared 
in Figure 3-50. 


4 . 2 ♦ 2 . 2 Feed Array Configuration 


In a reflector antenna system, the performance in gain 
and beamwidth is normally governed by reflector size. However, 
feed design is essential for sidelobe control and beam shaping to 
achieve optimal coverage and beam isolation* For fixed spot beam 
application, the Boston/New York/Washington region has the most 
stringent isolation requirements because separation between two 
cities sharing the same polarization is small. For good isolation 
between any two copolarized beams, cluster feed, not single element 
feed, is used to generate each spot beam. Cluster feeds allow 
adjustment of the power distribution on the component beams and 
thus control of the sidelobe levels and an increase in isolation. 
Furthermore, because these three cities are so close together, 
horn sharing between elements in different clusters must be used 
to maximize the feed cluster aperture. 

The first feed design considered in this study was a 
seven-horn cluster with horn elements arranged in a triangular 
lattice. (All the horns are circular, with 1.78-cm diameters.) 

Two horns are shared between two adjacent clusters, as shown in 
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Figure 4-11. One advantage of using circular horns is that they 
can he fed in any convenient polarization, regardless of the feed 
array orientation {defined by the line connecting the collinear 
cluster centers ) . The spot beams generated by these clusters have 
acceptable peak gain levels of about 50 dBi; however, for some 
beams, the beam isolation performance is poor. For example, the 
isolation of Boston from the Washington, D.C., beam is 27 dB, but 
that of Washington, D.C., from the Boston beam is only 20 dB. To 
improve beam isolation, another ring of horn elements is required, 
providing more control over the energy distribution on the clusters 
and eventua ly on the sidelobe levels. This approach has not been 
adopted because the horn sizes would be impractically small. 

An alternative is to form clusters with rectangular 
horns. In general, a higher peak gain can be achieved in a re- 
flector system fed by a square horn than in a reflector system 
fed by a circular horn of the same dimension. Figure 4-12 shows 
the gain curves vs horn size for the Cassegrain system described 
above, fed by a square horn and a circular horn, respectively. 

The gain for a square-horn- fed system is approximately 0.5 dB 
higher than that of a circular-horn- fed system for a wide range 
of horn sizes. In addition, a square horn cluster allows finer 
aperture distribution control. Therefore, for linear polarization 
applications, it is advantageous to use square or rectangular 
horns, either as individual feed elements or as clusters. 

The next design considered uses square horns to form 
clusters. The horn arrangement is similar to that of the previous 
design, except that each cluster consists of nine horns and the 
horn size is specified, as shown in Figure 4-13. In this arrange- 
ment, three horns are shared by the two adjacent clusters. The 
co-pol and cross-pol orientations are now 45° off the vertical 
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Figure 4-11. Circular Horn Cluster Design 


axis, making simulation on the computer somewhat complicated. 
Although there are more horns in a cluster, the horn aperture size 
is smaller than that of circular horn described above. The per- 
formance of this design offers no significant improvement over 
that of the previous design. 

The final design is a modification of the design shown 
in Figure 4-13. Each cluster consists of nine horns, each of 
which is 2.13 cm square, as shown in Figure 4-14. Four horns are 
shared by two adjacent clusters and one horn is shared by all 
three clusters. Since the New York beam polarization differs from 
that of the other two beams, the horn shared by three clusters 
must transmit one signal with one polarization and two signals 
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with the orthogonal polarization. (The circuit design to achieve 
this operation is described in Subsection 5.6.3.) The horn arrange- 
ment shown in Figure 4-14 maximizes the horn aperture size and 
thus provides good isolation and good gain for a 2.74 m (9-ft) 
reflector system. Subsection 4. 6. 2. 2 presents calculated beam 
patterns which demonstrate that the multiple fixed beam antenna 
system with this feed design either meets or exceeds the isola- 
tion specifications. 

In addition, feed clusters for Los Angeles, Seattle, 
and Miami are also generated. These clusters, together with those 
previously discussed, define the outmost boundary of the feed 
array as shown in Figure 4-15. Other clusters not shown here can 
fit within the array area. Some may require horn sharing between 
adjacent, cross-polarized coverage areas via orthomode transducers 
(OMTs). Therefore, the feed array of the multiple beam system 
represents a practical design that provides both good performance 
and feasibility. 


4.3 PHASED ARRAY DESIGN 


4.3.1 BASIC PARAMETERS IN PHASED ARRAY DESIGN 

The basic parameters in the phased array design are the 
element type and shape, total array size, number of elements, 
lattice arrangement, periodic spacing between the elements, and 
amplitude and phase distributions. Many of these parameters are 
interlaced to satisfy certain requirements, so that choosing one 
parameter automatically determines all the rest. 

For the present design, a square pyramidal horn is chosen 
as the array element. This shape satisfies the requirement of 
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dual linear polarization, and the elements can be arranged to make 
maximum use of the array aperture and achieve the highest gain. 

The taper angle and length of the horn are chosen to produce a 
uniform phase front at the horn aperture and to control the modes 
that could contribute to blind spots in the array pattern. 

The total array aperture size is determined from the 
main reflector size and the magnification factor of the dual- 
reflector system. The element size and the periodic spacing be- 
tween the elements are determined from limitations dictated by 
the grating lobe emergence in the field of view and the phase 
shifter increment. The total array size and element size directly 
determine the number of elements in the array, which must also 
satisfy the power requirements of the array. Limitations on ele- 
ment size is also a function of the lattice arrangement. 

High gain can be delivered via the phased array by uni- 
formly illuminating the elements. However, this results in side- 
lobe levels of about 13 dB below the main beam peak. To satisfy 
the requirements of high isolation between different scanning 
beams, amplitude taper is needed. This has the adverse effect of 
increasing the beamwidth and reducing the average power per ele- 
ment in the array. 


4.3.2 SQUARE HORN ELEMENT DESIGN 

As pointed out in Section 3, the square aperture dimen- 
sions of the horn are limited by the phase shifter increment and 
the grating lobe locations in the array pattern. By using 5-bit 
phase shifters with the smallest increment of 11.25° and by assuming 
a field of view of the CONUS region. Figure 3-12 shows the upper 
and lower limits on element spacings for different magnification 
factors, M, when the far-field beamwidth is 0.3° and 0.4°. These 
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cases occur when the main reflector diameters are 3.658 m and 
2.713 m, respectively. The present design uses a main reflector 
of 2.713 m diameter with a far-field beamwidth of 0.4°. 

To avoid excessive scan loss in the dual -reflector system 
within the CONUS coverage area, the M was chosen to be 3*6. This 
requires element spacing of between 1.6A and 2.3A across the fre- 
quency band of 17.7-20.2 GHz, Choosing an element aperture size 
of 3.166 cm, or 2A at the band center of 18.95 GHz and assuming a 
wall thickness of 0.508 mm (0.020 in.) will yield element spacing 
dimensions within the required range. Table 4-3 shows the element 
aperture size and element spacing at different frequencies in the 
band. 


Table 4-3 . Horn Element Dimensions 


Frequency 

Element Aperture siza 

Element Spacing 

(GHz) 

(A) 

(A) 

17.70 

1.868 

1.928 

18.95 

2.000 

2.064 

20.20 

2.132 

2.200 


The horn taper is determined by the mode content require- 
ments and allowable phase errors at the horn aperture. The mode 
content contributes to the existence of blind spots in the array 
pattern. The most destructive mode is the T mode. To eliminate 
blind spots, the horn taper length must be chosen to effectively 
short-circuit this mode at the aperture [4-3] . 

Consider the horn taper shown in Figure 4-16, where A 
and a are the square aperture and square-feed waveguide dimensions, 
L is the horn length, and a is the taper angle. The condition 
for the mode to be short-circuited at the aperture plane is 
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(3(z)dz = ~ + (1- l)jt for TM modes 

= + (i - 1)K for TE modes (4-4) 

where z is the distance along the horn axis measured from the cut- 
off location. The variable z . is the location of the ith shorting 

u JL 

plane for that mode, and p(z) is the propagation constant deter- 
mined by the transverse dimensions of the waveguide. For a square 
pyramidal horn, p(z) is given as 

p(z) = ~ V'm 2 + n 2 for m,n mode 

A 



- la 0 2 5 f or T m mode 
X 12 


(4-5) 


where x is the cross-sectional dimension at z. Assuming z = 0 or 
assuming that TM 12 cutoff cross section occurs at x = x 1; p(z) 


can be written as 


B f z \ = 7.025 

} Xj + 2z tan a 

For TM -^2 to shor "L-circuited at the horn aperture 

g 

I 7 — dz = ~ + (i - l)7£ 

I k 1 + 2z tan a 4 v ' 


(4-6) 


(4-7) 


which leads to 


Lo = 


2 tan a 


[0 . 2236+ (i-l)/l. 118] tana _ X J 


(4-8) 
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Using the relation between A, , L 2 , and a 


A - x x 
~2L^ 


tan a 


and substituting for L 2 from equation (4-8) yields 

. _ v [ 0 . 2236+( i-1 )/l . 118] tana 

A — X 2, 6 


(4-9) 


(4-10) 


For the 


x x = 1.118X (4-11) 

where X is the free-space wavelength. This leads to the horn taper 
angle as a function of the aperture dimension 

tan a - =— £n — (4-12) 

0.2236 + * 1.11QX 


The total length of the horn, L, is then given by 

r = A - a 
^ 2 tan or 


(4-13) 


From equations (4-12) and (4-13), the horn taper and length can be 
determined for aperture and waveguide dimensions A and a . Another 
constraint, however, is that the taper must be sufficiently gradual 
so that the phase difference, 6, between planar and spherical wave- 
fronts at the horn aperture is small compared to wavelength. The 
phase difference can be shown to be 


6 


A 1 - cos Of 
2 sin a 


(4-14) 


The condition for gradual taper is 


4-30 


(2a) 2 « p 


(4-15) 


where R is the radius of a spherical surface at the horn aperture 
and centered at the pyramidal horn apex. 

From Table 4-3, A = 2A. at center frequency (3.166 cm). 

The waveguide dimension, a, is chosen to be 0.965 cm to control 
the mode contents in the waveguide for the dual-polarized operation 
By using equations (4-12), (4-13), and (4-14), a, L, and 6 can be 
calculated for different values of i. Table 4-4 shows the results 
for i - 1 through 5. 


Table 4-4. Horn Taper, Length, and 
Phase Front Error 


Parameter 

a 

(deg) 

L 

(cm) 

6 

(deg) 


68.97 

0.422 

247.0 


27.48 

2.113 

88.0 


16.12 

3.805 

51.0 


11.31 

5,499 

35.6 


i - 5 

8.7 

7.188 

t 

27.4 


The value of i = 4 results in 6 corresponding to less 
than 0.1A-. This also satisfies the condition of equation (4-15), 
where 


(2a ) 2 = 0.039 rad 2 


(4-1 


resulting in 


(4-1 


(2a) 2 << 


(4-1 









The final design values of the horn are listed in Table 4-5. 


Table 4-5. Square Horn 
Design Parameters 


Parameter 

Value 

Aperture Square Dimension 
Waveguide Square Dimension 
Taper Angle 
Taper Length 

3.166 cm 
0.965 cm 
11.31° 
5.499 cm 


4.3.3 ARRAY SIZE AND CONFIGURATION 

For a magnification factor of 3.6 and a main reflector 
diameter of 2.74 m (9 ft), the approximate size of the array is 
76.1 cm in both dimensions. By using the element size and spacing 
arrived at in Subsection 4.3.2, the number of elements in the array 
is determined as 24 x 24 = 576, as shown in Figure 4-17. The total 
array size is 78.38 x 80.03 cm. The elements are arranged in a 
triangular lattice with a half-element offset between elements in 
subsequent rows. The y-axis is parallel to the offset direction 
of the dual-reflector system, which is in turn parallel to the 
east-west axis of the spacecraft. 

The 576-element array will satisfy the e.i.r.p. require- 
ments with enough margin if the elements are uniformly excited. 
However, this produces sidelobe levels higher than desired. Re- 
strictions on the sidelobe levels are that the isolation between 
different scanning beams must be better than 27 dB. This requires 
that the level of the sidelobe, separated from the main beam by 
an angle equivalent to one scanning sector, must be less than 
-27 dB, relative to the main beam. The cross-polarization isola- 
tion must also exceed 27 dB. 
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To illustrate that the uniform distribution does not 
satisfy the isolation requirement. Figure 4-18 shows the radiation 
pattern of a 24-element linear array with uniform excitation. At 
4°, which approximately corresponds to a far-field angle of 1.1° 
with M = 3.6, the sidelobe level is only 23 dB below the main beam. 
The cross-polarization level, however, is lower than 50 dB below 
the co-polarized main beam. 

A Taylor distribution was chosen as the means to achieve 
the required isolation levels. This distribution produces a first 
sidelobe that is a certain level, R, below the main beam. Successive 
sidelobes are progressively lower, up to an angle midway between 
the main beam and the first grating lobe. Because the required 
low sidelobe is generally not the first one, the distribution can 
be designed for a higher first sidelobe, resulting in a narrower 
beam. This level is not. achievable by other distributions, such 
as Tchebyscheff . 

The Taylor aperture distribution for the linear array 
of total size 2a is 



i z | < a 


(4-19) 


where z is the distance from the center of the array, I is the 
modified Bessel function of zero order, k Q is the free-space wave 
number, and C is a constant determined by the required first side 
lobe level. If R is the height of the main beam over the first 
sidelobe, C is given by: 


1 _ 4aC 

R 2\' sinh (k aC) 
o o 


(4-20) 


where k Q is the free-space wavelength. 



Figure 4-18. Radiation Pattern of 24~Element Linear Array 

of Uniform Distribution 








Figures 4-19 and 4-20 show the radiation pattern of a 
24-element array with dimensions that correspond to the present 
design. The first sidelobe level is -30 dB (relative to the main 
beam) to allow for implementation margins. Figure 4-19 shows the 
pattern for broadside radiation. The sidelobe level corresponding 
to the position of the isolated spots is about -38 dB. As the 
array scans, the gain degrades according to the element pattern, 
but the isolation levels remain better than 30 dB. Figure 4-20 
shows the scanned beam patterns for different scan angles. 

The amplitude coefficients that result in the Taylor 
patterns seen in Figures 4-19 and 4-20 are given in Table 4-6. 

This pattern requires a number of amplitude levels that are equi- 
valent to half the number of elements in the array. These levels 
can be achieved by using a power-dividing network designed to pro- 
duce the required relative levels . The network outputs are then 
amplified to attain the e.i.r.p., with amplifiers set at the same 
bias and gain. This results in low-efficiency operation, since 
most amplifiers will be operated in a backed-off condition. The 
dividing network can also be designed to partially achieve the 
required relative amplitude level and to depend on different pres- 
cribed amplifier settings to achieve the final levels, resulting 
in higher efficiency. 

The simplest and most efficient network design can be 
obtained by using an equal division network and amplifiers set at 
predefined levels dictated by the 5-step amplifiers available in 
MMIC form. The five steps are adjusted to power levels of 500, 
125, 50, 12.5, and 0 mW, which correspond to relative amplitude 
levels of 1.0, 0.5, 0.316, 0.158, and 0. This adjustment requires 
that the coefficients outlined in Table 4-6 be quantized to the 
five preset levels, resulting in new coefficients which are also 
given in the Table. The array radiation patterns that use the 
quantised Taylor distribution are given in Figures 4-21 and 4-22. 
The sidelobe level at the isolated positions increased to -24 dB 
relative to the main beam level. 
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Table 4-6* Amplitude Coefficients for 24-Element, 30-dB 
Taylor and Quantized Taylor Distributions 


Relative Amplitude 


30-dB 

Taylor 

Taylor Quantized 
to Levels 
1, 0.5, 0.316, 
0.158, and 0 

Taylor Quantized 
to Levels 
1, 0.75, 0.5, 
0.25, and 0 

0.119 

0.158 

0.0 

0.193 

0.158 

0.25 

0.279 

0.316 

0.25 

0.375 

0.316 

0.25 

0.478 

0.50 

0.50 

0.583 

0.50 

0.50 

0.685 

0.50 

0.75 

0.780 

1.0 

0.75 

0.863 

1.0 

0.75 

0.930 

1.0 

1.0 

0,976 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.976 

1.0 

1.0 

0.930 

1.0 

1.0 

0.863 

1.0 

0.75 

0.780 

1.0 

0.75 

0.685 

0.50 

0.75 

0.583 

0.50 

0.50 

0.478 

0.50 

0.50 

0.375 

0.316 

0.25 

0.279 

0.316 

0.25 

0.193 

0.158 

0.25 

0.119 

0.158 

0.0 
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The five preset amplifier levels can be optimized to 
produce a better array pattern. The coefficients in Table 4-6 
show that concentrating the four non-zero levels between 1.0 and 
0.25 may result in a more gradual quantization between desired 
levels. For example, if the five levels chosen are 1.0, 0.75, 

0.50, 0.25, and 0, the quantized coefficients will be those shown 
in the last column of the table. The radiation pattern for broad- 
side direction will be those shown in Figure 4-23. The first 
sidelobe level is now -33 dB below the main beam. The sidelobe 
level at the isolated positions becomes -27 dB, an improvement 
over the results shown in Figure 4-21. 

Designing the Taylor distribution for a -35-dB sidelobe 
level and quantizing the resulting amplitudes according to preset 
levels of 1.0, 0.5, 0.316, 0.158, and 0 produces the amplitudes 
shown in Table 4-7. The radiation pattern is that shown in Fig- 
ure 4-24. The sidelobe level in the isolated region increased 
again to about -24 dB, showing that the proper choice of ampli- 
fier setting plays an important role in approaching the Taylor 
pattern, even if the amplitude distribution is designed with 
enough sidelobe margin. 

The sidelobe and isolation levels are critical mainly 
for east-west scanning. The north-south sidelobes appear in the 
same sector as the main beam,- simplifying the aperture distribu- 
tion in the x-direction of the array or in individual rows. A 
uniform distribution can be used in this direction, which helps 
to increase the average power per element and thus achieve the 
required e.i.r.p. levels. The combined x-y aperture distribution 
of uniform and quantized Taylor distribution of Table 4-6 produces 
an average power per element of 0,5 of the maximum available power, 
or 0.25 W per element. Figure 4-25 shows an example of the two- 
dimensional pattern contours of such a system for broadside 
radiation. 













Figure 4-24. Radiation Pattern of 24-Element Linear Array With 
Quantized 35-dB Taylor Distribution 
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Among the different configurations for microwave lenses, 
the bootlace or Rotman lens [4-4] offers the simplest and most 
convenient design for the present application. Three different 
arrays must be designed for such a lens: a feed array, a lens 

input array, and a lens output array. The feed array has a number 
of elements that correspond to the scanning spots in the far field. 
The number of elements, element size, and array lattice of the 
output array follow steps similar to those of the phased array 
discussed in Subsection 4.3. The input array has the same number 
of elements as the output array, but the element types need not 
be the same. One major design effort is the determination of the 
array surface shapes, which depend on the number of focal points 
in the lens. For this purpose, two lens designs were studied: 
bifocal and quadrufocal. 

A two-dimensional analysis of both designs has been 
available in the literature for a number of years. Recently, a 
three-dimensional analysis was introduced [4-5] with results only 
i;i two orthogonal planes and with no attempt to improve the lens 
performance in scan directions other than the perfect focal points. 

In the present effort, both bifocal and quadrufocal lenses were 
analyzed in general scan directions. Feed-array element locations 
were optimized to produce minimum path length error in all directions 


4,4.1 BIFOCAL LENS 


The bifocal lens offers a simple design in which the 
output array lies on a planar surface. The two scan directions 
corresponding to the perfect focal points are symmetrical about 
the lens bores ight direction. Figure 4-26 shows the geometrical 



parameters of the lens. The perfect focal points are Si and S 2 , 
subtending an angle a with the lens axis z. The inner surface of 
the lens is given by 


i 

i 

i 

i 





X 2 cos 2 cr + Y 2 + (Z + F Q ) 2 = F Q 2 


(4-21 ) 


where F Q is the focal length measured along the Z axis from the 
lens center, C, to the focal line Si and S 2 . The inner surface 
is symmetrical about the line S^. The outer surface is defined 
by the plane UV in the UVW coordinate system, where Z and W axes 
are the same. For the bifocal lens, U = X is an added constraint 
compared to trifocal and guadrufocal lenses. The connecting trans- 
mission line lengths between the inner and outer surfaces are equal, 
that is, L = L q . 

For feeds placed at the two focal points, the wavefronts 
emitting from the secondary array are plane waves in directions 
( +of , 0 ) in the ( 0 , (j> ) coordinates . Coordinate 6 is measured from 
the Z (or W) axis, and <j> is measured in the UV plane from the U 
axis. For feeds placed at other points on the feed surface, the 
wavefront will have some phase errors. This analysis revealed 
that, instead of locating the feeds on a planar surface parallel 
to the XT-plane, a first-order optimum surface can be produced by 
moving the feeds parallel to the Z-axis to minimise the maximum 
path length error. 

The path length error for a feed located at point R is 


AL = L p - LC 


where 


Lp = RP + L - U sin 0 cos $ - V sin 0 sin $ 


(4-22) 


(4-23) 


L C 85 RC + L o 


(4-24) 
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HP * (X p - X^ 2 + <Y p - Y R ) 2 + (Zg - Z R ) 2 


(4-25 


EC 2 “ X| + Y 2 + Z| (4-26 

- -F q tan 0 cos 0 (4-27 

Y r = -F o tan 0 sin 0 (4-28 

Z R - -F c (4-29 

X 2 cos 2 a + Y| + (Z p + F q ) 2 = F 2 (4-30 


Equations (4-22) through (4-30) lead to the path length error nor- 
malized to focal length F Q as 

AL , „ , > « . . 1 

— = -u sm 0 cos 0 - v sm 0 sm 0 ^ 



If the feed element position is perturbed in the 2-direction by a 
normalized amount £, equation (4-29) is rewritten as 

Z R = -r 0 + £F 0 (4-33) 

The normalized path length error at an output array location of 

(U/V) for feed with incidence direction can be shown to be 

AL = -u sin 0 cos $ - v sin 8 sin $ - c ~o l ' J ~ 8" + t 2 " 2^j 

+ + u 2 sin 2 a + 2u tan 8 cos (|> + 2v tan 8 sin 4) 

+ C 2 - 2i 41 - u 2 cos 2 a - v 2 ] 1/2 (4-34) 

When 6 = a and <J> = 0, equations (4-31) and (4-34) both give zero 
path length error at all values of U and V, as expected* The feed 
location axial parameter, £ f can be optimized to produce minimum 
peak error for every scan direction. The peak error is the maxi- 
mum path length error for all values of U and V in the output array. 
Consequently, the peak error and the optimum £ are functions of 
the shape and size of the outer array aperture. 

For an outer array configuration similar to the one used 
for the phased array in Figure 4-17, and for focal length equal 
to the largest array dimension (F/D = 1*0), the perfect focus angle, 
g , is chosen to produce minimum path length error within the 
scanning range. Figure 4-27 shows the variation of the maximum 
relative path length error with scan angle for different values 
of a . The scan angle is limited in the 8 direction by 15° and is 
0° in the $ direction. This shows scanning in the principal 
plane XZ of the lens. 
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For the present design, the principal plane is assumed 
to be the offset plane of the dual -reflector system. This means 
that the path length error curves of Figure 4-27 are for east-west 
scanning, which is limited to +13° for a magnification factor of 
3.6* To obtain phase front error as uniformly as possible within 
the scanning range, it is desirable to equalize the path length 
error at the two edges of the scanning range, 0° and 13°. Fig- 
ure 4-28 is used to determine a, which satisfies this requirement. 
The maximum path length error is plotted at 0 = 0° and 13° vs the 
perfect focus angle, a. This figure shows that a = 10.5° satisfies 
the requirement of a nearly uniform path length error. Figures 4-27 
and 4-28 both use the optimized axial perturbations of the feed 
elements or the optimum feed surface, as defined earlier. 

Once a is determined, the optimum feed surface and the 
corresponding maximum path length errors can be calculated for 
all scanning directions. Figures 4-29 and 4-30 show the optimum 
axial feed locations and the maximum relative path length error 
in different t}> planes from 0 to 90° . The equation = 90° corres- 
ponds to north-south scanning. In these figures, the output array 
assumes the same configuration as that of Figure 4-17. The focal 
length F q is assumed to be equal to the array side dimension, or 
in optical terms , F/D =1.0. To compare the optimized results with 
those obtained when the feed array is located on a planar surface. 
Figure 4-30 also shows the maximum path length error when £ = 0. 
Improvements of up to 30 percent are obtained when the optimum 
feed surface is used. 

This analysis leads directly to an examination of the 
phases of the different elements in the outer array. The ampli- 
tude distribution is set through the amplifiers, which are in- 
serted between the input and output arrays. As in the case of 
the phased array, the amplitude distribution is set to be uniform 
in the north-south direction (in the same row of the triangular 
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4-28. Maximum Relative Path Length Error at Broadside 
end Scan Edge vs Angle ci 


















lattice), and quantized Taylor distribution is set in the east- 
west direction (between the different rows). The quantization 
levels are set according to allowable levels of the amplifier 
modules. Examples of east-west pattern cuts with this distribu- 
tion are shown in Figures 4-31 and 4-32. A comparison of these 
examples with those portrayed in Figure 4-22 shows the overall 
effect of the path length errors on scanning in the principal 
east-west plane. 


4.4.2 QTJADRUFOCAL LENS 

The four adjustable constraints on the bootlace lens, 
the shapes of the inner and outer surfaces, the electrical length 
of each transmission line connecting the elements of the two sur- 
faces, and the mapping from an element on the inner surface to 
one on the outer surface, provide four degrees of freedom. Thus, 
it is possible to design a lens with four perfect focal points, 
one for each of four separate output directions. These four 
points can be spread across the focal region to provide a wide 
field of view with a minimal amount of aberration. 

Rao [4-5] has devised a method of generating three- 
dimensional bootlace lenses with two, three, and four focal points. 
Based on equations similar to those of Rotman [4-4], and with a 
restriction that all of the design foci be collinear, the three- 
dimensional lens is generated by revolving the derived two- 
dimensional profile around the focal line. These lenses are not 
rotationally symmetrical around the S axis. Having a fourth focal 
point substantially increases the field of view over the previous 
trifocal designs; however, the phase errors for beams that fall 
between the designed scan directions are relatively large. 


rim 
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The use of a curved focal arc for a three-dimensional 
quadrufocal bootlace lens makes the design procedure more diffi- 
cult. However, this new concept may significantly improve scan 
performance . 

Figure 4-33 shows the geometry of the quadrufocal boot- 
lace lens. There are four path length conditions, which are 
stated as 


F* = J(Z "+ F. cos e.‘) 2 '+ Y 2 + (X - F. sin 0.) 2 

X 4* XX 

+ L + U sin 0^ - W cos 0^; (4-35) 

i — 1,2 / 0 1 — + of ; 0£ = + p 


with V = Y. 

The following algebra solves the above equations for Y, 
U, W, and L for variables X and 2 and for parameters F^, 6^. 
Subtracting equation (4-35) from the same equation with 0 i re- 
placed by -0 ^ yields 

0 = a/F| + R? + 2F^(2 cos 0 T - x sin e/) 

- a/f| '+ R 2 + 2F^(Z cos 0^ + X sin 0^) 

- 2U sin 0 i (4-36 

where R 2 = X 2 + Y 2 + 2 2 . Regrouping, squaring equation (4-36), 
and rearranging produces 


0 


0 

D 

n 


D 


F ■ X 

-jj- = u sin 6^ + VF| + R 2 + 2F^ (Z cos 6^ - X sin 0^) 




Regrouping and squaring again gives 
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+ U 2 sin 2 e i - (F| + X 2 + Z 2 + 2F i Z cos 9 i ) (4-37) 

i 


Subtracting equation (4-37) with 6^ = a from equation (4-37) with 
= p yields 


U 4 A + U 2 B + C = 0 


(4-38) 


where 

A = sin 2 p - sin 2 a 

B = 2Z(Fi cos a - F 2 cos p ) + F? - Ff 
C = (Fg - F?) X 2 


Thus, U is found in terms of X and Z by applying the quadratic 
formula. Equation (4-37) gives Y as a function of X, Z, and U. 

By using equation (4-38), equation (4-37) can be manipulated 
to specify Y as a function of only U and Z. Equation (4-38) is re- 
written as 


_ AU 4 + BU 2 

x - T? “fT 


(4-39) 


Now, equation (4-37) is written as 

Y 2 = U 2 sin 2 0. - {Ff + Z 2 + 2F.Z cos 0 . ) 

“* *L 4 . i. 

AU 4 + BU 2 


Ff - Ff 


with A and B defined in equation (4-38) 



(4-40) 
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Simplifying equation (4-40) yields 


/ AFf 

Y 2 = U 2 I sin 2 e i + p 2 -~ 


+ f| 




- 2F.jZ cos e i 


(4-41) 


Letting i = 1 and substituting for A and B yields 


AU 4 (Ff sin 2 p - F§ sin 2 or) 

Y2 Ff - F \ + U2 F \ - Fi 


- U 2 


r Ff - Fl + 2S(Fi cos a - F 2 cos p) 

L F'{ - F| 


[ 22(F! cos of 



- F 2 cos p 


-] - 2 Fl 


Z cos cf - Z 2 


(4-42) 


AU 4 F| cos 2 a - Ff cos p 

y2 Fl - n + u2 Ff - F ‘i 


+ Z ^ - I ~ p2 jt ( Fl F 2 )(F 2 cos HI - Fj cos p) 


+ U 2 (F 2 cos P - Fj COS Cf)] - Z 2 


(4-43 ) 


Finally, casting this equation into the canonical equation for a 
circle results in 
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+ z - [F a F 2 {F 2 cos Cf - F a cos p) 


+ U 2 ( F 2 cos p * F a cos of ) ] [ 2 


- u4 (irHf ) 2 
+ U2 ^ 


(F 2 cos a - F a cos p) 2 


[-{Ff cos 2 p + F| cos 2 of ) 


+ 2F a F 2 (F? + F§ ) cos Of cos p - F?F§(cos 2 of + cos 2 p)] 


' F x F 2 \ 2 

pk i ' "jg.a ) ( F 2 cos or - Fj cos p) J 


Y 2 + 2 « |2 0 + pZ~ pf ^ F 2 cos $ - F i c os or) 

*• m 


r U 4 /Ff + Fl v 

= -Zg ffFf • u2 " F?F| + 1 


/ F1F2 \ 
Z ° - Fi'j 


(F 2 cos or - F a cos p) 


Now W and L must be determined. Let S. 

l 


F. - L 

l 


+ W cos 0^. From the equation 


(S i - U sin 0 ± ) 2 = F? + X 2 + Y 2 + 2 2 


+ 2F* (Z cos 9. - X sin e . ) 
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Thus, given 2 and u, Y is determined by equation (4-46), 
X follows from equation (4-39), L from equation (4-52), and W from 
equation (4-55). 

Although the scan angles or and £ are known parameters, 
the focal lengths Fi and F 2 are unspecified. The proper selection 
of these lengths is critical to providing a minimum amount of 
aberration for beams scanned at angles that fall between the 
designated values a and 0 . 

For simplicity, it is assumed that the four focal points 
lie on a second-degree curve, either an ellipse or a hyperbola. 

The polar coordinate representation of an ellipse is 


r 2 = 


a 2 b 2 

a 2 sin 2 0 + b 2 cos* 6 


(4-56) 


In terms of the focal point variables, this becomes 

2 a 2 b 2 

F i “ a 2 " sin 2 T b 2 cos 2 6^ 

Solving for b 2 produces 

F?a 2 sin 2 0. 

K 2 - 1 1 

D a 2 - Ff cos 2 07 


(4-57) 


(4-58) 


Since this equation holds for both i = 1 and i = 2, it can be seen 
that 


Uj 

n:| 


Ff sin 2 a F§ sin 2 {5 

a 2 - Ff cos 2 a ~ a 2 - Ff cos 2 £ 


Solving for a 2 results in 


(4-59) 


a 2 = 


F?Ff(sin 2 fJ cos 2 a - sin 2 a cos 2 fi) 
F| sin 2 § - Ff sin 2 a 


(4-60) 
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t 


Substituting back into equation (4-58) yields the remaining ellipse 
axis equation 


b 2 


FfFl(sin 2 0 cos 2 a - sin 2 a cos 2 0) 
~ Ff cos 2 of - F| cos 2 0 ' 


(4-61) 


Thus, given the two focal lengths and angles to the focal points, 
the focal arc is specified. 

At this stage, one additional condition must be speci- 
fied to fully constrain the lens. A possible choice would be no 
phase variation along the transverse (Y) axis of the lens for 
rays from a source on the Z-axis, that is, for the summation of 
L(),Y) and the distance from (0,0, -a) to the point (0,Y,2) to 
be constant. This condition simplifies the design considerably, 
yielding F x = F 2 as one solution. As with the Rotman lens, the 
focal arc is a circle; and referring to equation (4-55), W = 0. 
Unlike the Rotman lens, however, this configuration has four per- 
fect foci and so has a field of view four- thirds as large, in 
addition to being three dimensional. The lost degree of freedom, 
that W is zero, is plausible because with F* = F 2 , there are only 
three input parameters: a, 0, and F x . 

The simplified equations are 

z = cos ; • t cos P (4-62 


from equation (4-38), and 


X 


F 1 - L 


(4-63) 


from equation (4-49), which leads to 
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Also, from equation (4-37), using equation (4-62) to solve for U, 
and with i = 1, gives 


Y 2 = - 


■ 

F? + S 2 + Z ( 2Fi 005 “ c ° s p + 1 
1 l 1 cos a + cos p 


+ X 2 


fl + F! 


cos a + cos p 
2Z 


) 


(4-65) 


In equation (4-64), Y is a well-defined function of X and Z every- 
where except at Z = 0. From equation (4-62), U = 0 when Z = 0, 
and by equation (4-63), X = 0 also. From these equations, it is 
apparent that 


X 2 2{F 2 - L) 2 

Z " Fi (cos a + cos p) 


(4-66 ) 


Therefore, in the plane X = 0, the inner lens profile is a line 
Z = 0 and has Y related to L by 

Y 2 = (F a - L) 2 - F? (4-67) 

To find the inner lens profile in the plane Y 
proximate F x >> Z and use equation (4-65), as 

0 t -Ff - X 2 Fi S S- B . £9S P 


= 0, ap- 
(4-68) 


which becomes 


Z = -X 2 


cos a + cos 
2Fr 



(4-69) 


Thus, the optimum lens has a flat outer surface, W(XJ,V) 
- 0, and an inner surface that is approximately parabolic in one 
plane and constant in the other. 
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It is clear that the distance from the point on the lens 
axis (also on the focal circle) (0,0, -F*) to any point (0,Y,Z), 
plus L(0,Y), is VY 2 + F? + [F x - i/Y 2 + Ff], which is just F lt 
the required constant. Further, since the focal arc is a circle 
of radius F lt this property holds for every point on the circle. 
Although this does not hold in general for every plane for which 
X equals a constant, it does imply little additional phase error 
in the region near the Y axis of the lens. 

An analysis was made of a quadrufocal bootlace lens with 
parameters similar to those of the bifocal lens mentioned above. 

To minimise the maximum phase error across the output aperture 
for all scan angles from -13° to +13°, the focal points were chosen 
with angles a = 5° , p =12° , and length F 0 the same as for the 
bifocal . Figure 4-34 shows the configuration of the lens and its 
focal arc, with the perfect focal points indicated. Using the 
same focal length for each focal point yields a lens design with 
a planar output surface. Table 4-8 compares the computed values 
for samples of X and U and gives the effective transmission line 
lengths, L, in inches (2.54 cm) for each of these values for a 
lens with focal length F = 76.2 cm. Although the difference be- 
tween X and U is a crucial degree of freedom in the quadrufocal 
lens, it is nonetheless small. Also, the values of L are small 
compared to the focal length. 

Figure 4-35 plots the maximum phase error across the 
square aperture bounded by (F/D = 1) for beams scanned in the 
scan plane as a function of angle. Since the scan plane is the 
plane that includes the focal point. Figure 4-36 plots the scan 
performance in the optimum direction. As expected, there are two 
nulls in the phase error plot. These represent the two positive, 
perfectly focused beam directions. The worst error for beams 
scanned in the scan plane within +13° for the F/D = 1 case is 
0.145°, or 8.5 x 10 6 F. This error is practically insignificant. 
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Table 4-8. Quadrufocal Lens Design Parameters 
(In units of 2.54 cm) 


0.0 

2.5104 

3.5379 

4.3179 

4.9682 

5.5349 

6.0414 

6.5019 

6.9255 

7.3187 

7.6861 

8.0313 

8.3570 

8.6654 

8.9584 

9.2372 

9.5033 

9.7577 

10.0012 

10.2346 

10.4587 

10.6739 

10.8809 

11.0800 

11.2717 

11.4564 

11.6344 

11.8060 

11.9715 

12.1311 


0.0 

■0.2094 

•0.4188 

•0.6282 

•0.8376 

■1.0471 

■1.2565 

■1.4659 

■1.6753 

■1.8847 

■2.0941 

•2.3035 


0.0 

2.5192 

3.5626 

4.3633 


[* c 


0.0 

0.0 

0.0 

0.1035 

0.0 

0.2074 

0.0 

0.3117 

0.0 

0.4163 

0.0 

0.5213 

0.0 

0.6267 

0.0 

0.7324 

0.0 

0.8386 

0.0 

0.9451 

0.0 

1.0520 

0.0 

1.1594 

0.0 

1.2671 

0.0 

1.3752 

0.0 

1.4837 

0.0 

1.5927 

0.0 

1.7021 

0.0 

1.8119 

0.0 

1.9221 

0.0 

2.0328 

0.0 

2.1439 

0.0 

2.2554 

0.0 

2.3674 

0.0 

2.4799 

0.0 

2.5928 

0.0 

2.7062 

0.0 

2.8201 

0.0 

2 . 9344 

0.0 

3.0493 

0.0 

3.1646 
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Figure 4-35. Relative Path Length Error and Relative Phase 
Error vs Scan Angle in Principal Plane 
for Different Values of F/D 
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For scanning in a direction perpendicular to the scan 
plane, the results are not as good. Figure 4-36 shows that 
errors at 5.5° of scan in the orthogonal plane are about 63°, 

3.6 x 10~* 3 F. Figure 4-37 shows the error at the edge of the scan 
range (13° x 5.5°) as a function of the U and V dimensions of the 
aperture . 


4.4.3 CONCLUSIONS ON LENS DESIGN 

The previous subsections showed that the guadru focal 
lens can produce less path length errors in the principal plane 
of scanning than does the bifocal lens. In the orthogonal and 
other planes, however, the bifocal lens can produce path length 
errors of the same order of magnitude. The quadrufocal lens, on 
the other hand, produces path length errors about 10 3 times those 
of the principal plane. For two-dimensional scanning, the bifocal 
lens offers more uniform path length errors across the coverage 
region, whereas the quadrufocal lens prefers one plane at the ex- 
pense of the rest of the coverage area. This translates into 
less phase aberrations and thus less scan loss for the bifocal 
lens than for the quadrufocal lens. This difference will be 
demonstrated in the discussion of far-field pattern contours of 
the dual-reflector system (Subsection 4.6). 

The bifocal lens has the added advantage of design 
simplicity. Its line length between the input (inner) and output 
(outer) arrays is the same for all elements, whereas the quadru- 
focal lens requires different line lengths for different elements 
in the two arrays. For these reasons, the bifocal lens has been 
chosen as the baseline design for the space-fed phased array. 
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ANALYSIS OF PHASED- ARRAY -FED CQNFOCAL REFLECTOR SYSTEMS 


4.5.1 NEAR-FIELD ANALYSIS OF A PHASED ARRAY 

A near-field analysis of an array of open-ended rectan- 
gular waveguides was conducted. The results are based on the as- 
sumption that, when radiating individually, the observation point 
falls in the far field for each waveguide, but falls in the near 
field of the total array. This assumption is valid because the 
2D 2 /K farfield criterion is satisfied for individual waveguides. 

Initially, a field distribution in each waveguide aper- 
ture is assumed (TE 10 )* The far field resulting from this aper- 
ture distribution is calculated at an observation point in front 
of the array. Expressions for the far field (in closed form) are 
available in the literature [4-6] . This far- field contribution 
from each waveguide aperture is calculated, then added vectorially, 
taking into account respective amplitude and phase weights. No 
approximation is made in the magnitude or phase of this field. 

The electric far-field vector resulting from each waveguide aper- 
ture generally has a different direction in the array coordinate 
system because the observation point is in the near field of the 
complete array. The resulting expression for the system shown in 
Figure 4-38 takes the form 




E E 

n m 


a 

nm 


F 



o(G/0)j : 


— j 

. nm nm 


1 5 


nm' 


(4-69) 
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where 


A nm = a com P 3 * ex number with the magnitude and phase 
of the (n,m)th element 

^ io ^ 0 nm' ^nm^ = vector far field of the TE 10 waveguide mode in 

the local coordinate system attributable to the 
(n,m)th element 

F = transformation from the local coordinate system 
[(n,m)th] into the array coordinate system (same 
as the (0,0) element coordinate system) 

%im = a vector f rom the (n,m)th element to the 

observation point (Roo/ e oo/0oo) 
r = vector from the origin of the array to the obser- 
vation point (Roo/0oo/*>oo ) 

r^ = vector from the array origin to the origin (n,m)th 
element 

^nm - wave vector in the local coordinate system for 
(n,m)th waveguide 

This expression is different from the far-field expression of a 
phased array because it is not separable into an element factor 
and an array factor. This is caused by the transformation, F, 
that operates on the element factor. When the exponent is expanded, 

•m -i Tr D 

the phase factor e J nm nm has an additional term, besides the 
usual k d sin 0 type terms. This additional term results because 
r and r are not in the same direction, as approximated in the 
far-field case. When the array is scanned by introducing the 
proper phase taper across the aperture, an error in the scan di- 
rection of the near field is observed because of this additional 
term in the phase factor. 

The phase-amplitude function usually takes the form 
i* / x v} nm 

A nm e m 2 * Tiie Pk ase term a function of the 


J 


0 

D 

D 

0 


n 


o 

D 


n 

V 

U 
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scan angle and the array geometry. The term A^ is a function 
of the type of amplitude distribution. 

The near field of the array generally consists of all 
three components: E 0/ E^ , and E r . A computer program has been 

written to simulate the near field that results from an array of 
open-ended waveguides arranged in rectangular or triangular grids. 
The near field can be calculated on any surface (representable by 
an algebraic expression) placed in front of the array. The calcu- 
lation can also be performed for any mode propagating in the wave- 
guide. For this particular application, the near field is 
calculated on the subreflector of a confocal parabolic system. 

Consider an array of identical waveguide elements 
arranged in a triangular grid in the x-y plane of the array 
coordinate system (x A# y A ,z A ) located at the center of the array 
(Figure 4-17). The origin of the array coordinate system is at 
(0,h,-£) in the main coordinate system (reflector system). The 
parabolic subreflector with a focal length F 2 is located in front 
of the array, and the parabolic primary reflector with a focal 
length F x is so placed as to form a confocal paraboloidal system, 
as shown in Figure 4-39. 

Assume that the far field of the waveguide element is 
represented by 

* % p 

^(riOii])) = C$(6,(|)) e" 3 , C = constant (4-70) 

|£| 

where $ ( e , <{> ) is the angular dependence, and the second factor is 
the usual R-dependence in the far field. Assume also that 
(F 2 + £) is much less than 2D^/X (where is the maximum dimen- 
sion of the array) but greater than 2d z /\ (where d is the maximum 
dimension of the waveguide). 






To calculate the fa eld that results from the array at a 

point on the subreflector, the subreflector is first 

represented in the array coordinate system. The intersection of 

a cone of rays with the cone^ axis along the scan direction, and 

the subreflector are calculated at A 9 . increments along each 

i A 

<}> A -cut f yielding the respective R^s. The field is calculated at 
these coordinate points (*^,6^,^) on the subreflector in the 
following order. 

i i i 

The points on the subreflector , which are 

also the points in the (0,0 )th coordinate system, are transformed 
into the local coordinate system of the (n,m)th waveguide, yield- 
ing ^?nm' e nm'^nm* * Tile local far-field components (usually 

and E 3 " ) are calculated and then transformed to E* , E 3 ",, and 

^ <pnm xnm ynm 

^znm corti P onen ^ s • This procedure is followed for all waveguides 
in the array. The respective rectangular components of the field 
that result from each waveguide are added algebraically, since 
the local coordinate systems are only translated into the (0,0)th 
system . 

The total x-, y-, z-components of the total field at a 
point, i, on the subref lector are given by 


E ,x\< R A' 6 A'*A> 


nm /x\ nm run 


n m 


(I) 


- j3 W R mn 


nm (4-71 

where = A^ e 3(n5x+mSy), and 5^ and are the phase incre- 
ments in x- and y- directions, respectively. The quantities 



are the x-, y-, 2 -components of the (nm)th waveguide field at 
point i on the subreflector. The vector 5^ is defined in equa- 
tion (4-69). When expanded, the exponent of the exponential 
term yields 

%im = k(sin e nm cos +nm x ° + sin 0 nm y ° + cos 9 nm z °> (4-72a) 

“ Pnm '• Pmri = < nd x + ras) x ° + n V° <4-72b) 

• * « * 

= ^oo(sin ®oo cos 0oo ^0 

i A i A 

+ sm 6 00 y Q + cos 0 O o z 0 ) (4-72c) 

k nm • = ^oofsia 0 OO sin 0^ cos - $ 00 ) 

+ cos e 0 0 COS 0 M ) - kEj 0 {(nd x + ms) cos sin 0^ 

- md^ F sin sin <f> } (4-73) 

y nm T run ' 

The second term in equation (4-73 ) is the term usually 

present in the far- field expression of a phased array. The first 

term is a phase contribution in the near field that couples the 

element factor and the array factor. This term goes to sero in 

the far field, since 6^ -» e 00 and 0^ * <f> 0 o* 

The phase taper across the aperture that scans the array 

to ( 9 o * 0 o ) is provided by n6 + m6 . where 

x y 
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6 V = kd sin 6 0 cos fj> 0 

X X 


6 = k sin e 0 (d sin + s cos ^ 0 )* 

•? •* 


(4-74) 


The phase error, the first term in equation (4-73), introduces no 
degradation in the far- field scan position. 

To input the field calculated on the subreflector to 
the General Antenna Program (GAP), a fictitious point source is 
located along the scan direction, far from the subreflector (Fig- 
ure 4-39). This location is on a sphere of radius R, whose center 
is at the origin of the phased array. The feed is defined in 
such a way that it produces a plane wave field on the subreflector 
which is the same as that of the array calculated previously. 

The coordinate sysrem of the feed is defined so that the positive 
z f -axis is along the scan direction and the x f -y f plane is tangent 
to the sphere. The subreflector equation is transformed into the 
(Xf,y f ,z f ) coordinate system. The intersections of a cone of rays 
(0 < e f < 0 m ax' 0 1 < 360°) and the parabola are calculated at 

A0 ^ increments along each (jj^-cut, yielding the respective R^s. 
These points (R^/Q^,^) on the subreflector are transformed into 
corresponding points in the array coordinate system . 

The procedure then followed is identical to that described in the 
preceding paragraphs. Once the rectangular components of the 
field in the array coordinate system are calculated at the points 

* i ■ 

(R^,9^,$^), they are transformed to corresponding rectangular com- 
ponents in the fictitious feed system (x^y^, z^) . The data are 
then fed to GAP, which traces the fictitious feed through the two 
reflectors and calculates the far field. 

A 12 x 12 array of 2k square waveguides (TE 10 mode), 
arranged in a triangular grid, was simulated in a confocal parab- 
oloid system. The array had Taylor distribution with a 30-dB 
amplitude taper along the y-axis and a uniform distribution along 


the x-axis. The electric field was calculated on the subreflector 
in a region occupied by the base of a cone defined by the half- 
cone angle 6^ = 0,2° in the fictitious feed coordinate system 
located 25,400 cm (R) from the array origin. This was done for 
four different positions of the array (£ = -38.7, 0, 60.27, and 
101.6 cm). Figure 4-40a, b, c, and d shows the plots of the 
electric field on the reflector in one principal plane (x-axis). 
The fictitious feed angle, 0 f , is plotted along the abscissa. 

The range over which the array and the subreflector extend is also 
shown. For the case & - 60.27 cm, which corresponds to the con- 
jugate point of the confocal system. Figure 4-41 shows the plot 
of the electric field in the other principal plane (y-axis) of 
the amplitude taper. 


4.5.2 


COMPUTER MODELING OF A PHASED -ARRAY-FED REFLECTOR SYSTEM 


To simulate a phased-array-fed confocal reflector system, 
the near-field array program is incorporated into GAP. The GAP 
program can handle multi surface systems of arbitrary geometry with 
multiple feeds. The radiation field calculation in this program 
is based on a current integration method. In setting up the sur- 
face currents on the main reflector, the program traces all the 
rays from each horn to the main reflector. With a reasonable num- 
ber of feed elements, the ray- tracing procedure provides the most 
efficient approach to computing the surface currents in a multiple 
reflector system. For a phased array feed consisting of thousands 
of feed elements, tracing all the rays from all feed elements is 
time-consuming and impractical. Therefore, an alternative approach 
was developed to simulate the field of the phased array in the 
GAP program. 














Since the phased array has a plane wave pattern, it 
seems natural to use a plane wave source to simulate a phased 
array and avoid extensive computations. However, the ray- tracing 
scheme used in GAP assumes that all rays originate from a point 
source, i.e., that all rays from the feed have spherical wavefronts. 
Therefore, a plane wave source is not available in the current 
feed library. To model a plane wave source, a feed may be located 
far from the subreflector so that the amplitude and phase of the 
incident field are almost uniform in the vicinity of the subre- 
flector. In a phased- array- fed antenna system, the subreflector 
is in the near-field region of the feed array. The near field of 
the array is a quasi-plane wave with ripples in both phase and 
amplitude. Therefore, the phased array in this system cannot be 
modeled by a true plane wave source. However, if the plane waves 
are modified by adding the desired amplitude and phase pattern, 
this modified quasi-plane wave can be used to represent the near 
field of a phased array. 

To simulate the near field of a phased array in a con- 
focal reflector system, a feed routine was established in GAP. 

This feed routine interpolates the input feed data, which may be 
obtained by taking the sampled values of a measured pattern or 
calculated by a separate program. In this application, the feed 
data are computed by the phased array program described in the 
Subsection 4.5.1. These feed data are input to the GAP program 
in each constant (j» cut. To find the field value in a specified 
direction {*{*,<{>), the feed routine first linearly interpolates the 
field values in t|j in the two planes adjacent to <j), then linearly 
interpolates the field value in <J) . In Figure 4-42 , the feed pat- 
tern value f(tjj) at an angle ijj is calculated by 


U 


u 


D 






where 


4 

d 1' = K i+ i " *i 
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and f. ! s are the input feed pattern data sampled at the ip. angles. 

For feeds with circular symmetry, the field patterns 
can be obtained by interpolating between the E- and H-plane pat- 
terns r as 


E <41 • <|>) = f E (ip)(A x cos ct» + A y sin 41 ) (4-77) 

E$(*|i - 40 - -f H ^)( A x sin ^ " A y cos (4-78) 

where f E and f R represent the E- and H-plane patterns, respectively, 

and A and A are the complex coefficients for x and y excitations 
a y 

of the feed. 

For feed patterns that do not have the symmetry property 
in $ f multiple-plane pattern cuts are required to represent field 
variations. This is the case with the near field of the phased 
array on the subreflector surface. In this case, field values 
obtained from equation (4-75) on two adjacent 4» planes are inter- 
polated in x, y, and z components and the resulting field values 
are given by 


= fjd - d„,> + f j+1 • 


(4-79) 


for all three components, where 


(4-80) 


$ - 

d A = T V- 

4 > $ j+1 - 

and f^’s are the field values interpolated in the <J>j and dj +1 
planes, as calculated by equation (4-75). 

By defining a new feed that reads and interpolates the 
calculated phased array near-field data on the subreflector, this 
feed modeling technique provides an accurate estimate, in magni- 
tude and phase, of fields on the subreflector. Locating this feed 
far from the subreflector also ensures that the incident waves 
have basically a plane nature, which is essential to a confocal 
reflector system. Thus, this feed model, which generates a modi- 
fied plane wave that matches the fields of a phased array on the 
subreflector, can simulate a phased array feed in a confocal re- 
flector system. 


4.6 SECONDARY PATTERN CALCULATIONS 


4.6.1 MULTIPLE SCANNING BEAM CALCULATIONS 

The final array design of 24 x 24, 2k waveguide elements 
uses a 30-dB Taylor distribution in the east-west direction 
(y-axis) to achieve the required co-pol (sidelobe) isolation be- 
tween two sections with the same polarization. The array, used 
as a feed in the confocal paraboloid system with a magnification 
factor of 3.6, is simulated by using the computer program described. 
Figure 4-43 shows the performance of the array. The various beams, 
2~dB contours calculated at 18.95 GHz, show the scanned positions 
when the element phase shifts are incremented by 11.25 degrees. 

The angular dimensions of CONUS, as viewed from the satellite. 
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are 6.6° east-west and 3° north-south. The no-scan position of 
the array is biased 0.15° to the west to make the scan loss equal 
at the east and west extremities. This results in a scan extent 
of 3.15° to the west (scan loss = 1.54 dB) and 3.45° to the east 
(scan loss = 1.86 dB). Figure 4-43 shows a cluster of beams at 
the center. The level of contour overlap between the beams is 
about 2 dB. The figure also shows beams scanned to the northwest, 
northeast, southeast, and extreme north positions. 


4. 6. 1.1 Configuration C: Phased Array Confocal System 


In this configuration, the variable gain amplifiers have 
five quantized levels (1, 0.5, 0.315, 0.158, and 0), as specified 
in the amplifier module characteristics. The array performance 
shown in Figure 4-43 has a 30-dB Taylor distribution at these quan- 
tized levels. Sidelobe isolation was studied by scanning the beam 
to a point at the north edge of Sector I, and the sidelobes falling 
in Sector III, which has the same polarization, were also observed. 
Figure 4-44a shows the main beam and the sidelobes. The first 
sidelobe falling in Sector III is about 23 dB down from the peak 
(51.92 dBi ) . The gain of the main beam scanned to where the side- 
lobe falls in Sector III is 52.7 dBi, which results in co-pol iso- 
lation of about 24 dB. This high sidelobe level (24 dB) instead 
of the designated one (30 dB) can be attributed to the error intro- 
duced by quantization. The cross-polarization of this beam is 
shown in Figure 4-44b. The first contour, which does not fall in 
Sector II, is 30 dB down from the peak, resulting in cross-pol 
isolation of at least 30 dB. The cross-pol in this figure and in 
subsequent configurations is expressed in spacecraft coordinates* 
Cross-pol isolation expressed in localized coordinates will be 
much higher. 

The choice of quantized levels can help improve the 
cross-pol isolation. A new set of quantized levels (1, 0.75, 0.5, 
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0.25, and 0) was selected, based on the far-field array performance 
outside of the reflector system. Figure 4-45a shows a plot of 
the same beam with the sidelobe levels. The first sidelobe is 
27 dB down from the peak, resulting in co-pol isolation of more 
than 27 dB. The 30-dB isolation could easily be achieved by using 
a larger aperture. 

If continuous 30-dB Taylor distribution were used, the 
required 30-dB co-pol isolation could be achieved with enough 
margin. However, as pointed out in Subsection 4.3.3, this results 
in a less efficient operation. The contours of a beam at the edge 
of Sector I are shown in Figure 4-45b, indicating a co-pol isola- 
tion level in Section III of better than 33 dB. 


4. 6. 1.2 Configuration F: hens-Fed Confocal System 

The lens designs discussed in Subsection 4.4 were simu- 
lated by using the computer program discussed in Subsection 4.5 
with the appropriate phase errors derived in Subsection 4.4. 

Figure 4~46a shows the performance of the bifocal lens . The focal 
plane of the lens lies in the east-west direction. Unscanned beam 
gain is 52.90 dBi. Scan loss is 1.14 dB at the extreme west posi- 
tion and 1.7 dB at the extreme east position. At the extreme 
north position, scan loss is only 0.36 dB. 

Figure 4-4Sb shows the performance of the quadrufocal 
lens. In this case, the unscanned beam gain is 53,16 dBi, which 
is higher than that for the bifocal lens. Scan loss is 1.3 dB at 
the extreme west position and 2.06 dB at the extreme east position. 
At the extreme north position, scan loss is 0.74 dB. The scan 
loss performance of the bifocal lens is better, especially in the 
orthogonal plane, than that of the quadrufocal lens. This inferior 
scan loss performance by the quadrufocal lens is expected to pre- 
vail in all planes, since this lens is heavily biased with four 
foci in one plane. Analysis of the lens performance for multiple 
fixed beams is presented in Subsection 4. 6 .2. 3. 
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Figure 4-46. Lens Scan Performance Over CONUS 
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4.6.2 MULTIPLE FIXED BEAM CALCULATIONS 

This subsection discusses the numerical results of fixed 
spot beams generated by a phased-array-fed confocal system, a focal - 
region-fed Cassegrain system, and a lens-fed confocal system. 

The confocal systems that employ lens or phased array feed demon- 
strate good performance in both gain and isolation. However, these 
systems require a complicated beam-forming network (BFN), and, ho 
achieve the required isolation with a 2,74-m reflector, continuous 
Taylor distribution must be used in the orthogonal planes of the 
array, resulting in a low-efficiency operation. The Cassegrain 
system, on the other hand, has reasonable e.i.r.p. and good co-pol 
and cross-pol beam isolation. From these results, it is concluded 
that a Cassegrain antenna is an attractive design for generating 
spot beams . 


4. 6. 2.1 Configuration Dl: Phased-Array-Fed Confocal System 

The cities that are closest to each other and have the 
same polarization are Boston and Washington, D.C. The separation 
between them is the smallest for a satellite position of 105° W. 
Consequently, studies for the multiple-beam case with this configu- 
ration are conducted using this satellite position for both cities. 
The argument is that if co-pol isolation is met in this case, then 
it should be easily achievable for all other longitudes. The 
no-scan position of the array is biased slightly toward the eastern 
U.S. to optimize the co-pol isolation between Boston and Washington. 
Figure 4-47a shows the spot beam on Boston, The sidelobe level 
on Washington is only 19 dB down from the peak of 51.27 dBi. The 
peak gain of the spot beam on Washington is 52.00 dBi. Hence, 
the co-pol isolation between Boston and Washington, with the spot 
beam on Boston, is about 19.8 dBi. Once again, with a larger 
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aperture, the 30-dB isolation should be achievable* Figure 4-47b 
shows the cross-pol contours of the beam on Boston*. 

The next closest cities with the same polarization are 
New York and Buffalo. Figure 4-48a shows the co-pel contours of 
the spot beam on New York. The sidelobe level on Buffalo is 30 dB 
down from the peak of 51.75 dBi. The peak gain of the spot beam 
on Buffalo is 52.2 dBi, making the co-pol isolation between these 
cities at least 30 dB. Figure 4-48b shows the cross-pol contours 
of the beam on New York. The cross-pol level at Boston caused by 
the beam at New York is at least 33 dB down, and the level at Wash- 
ington is 36 dB down, resulting in similar cross-pol isolation 
levels. One of the causes of poor co-pol isolation between Boston 
and Washington is the uniform distribution along the north-south 
direction and the quantized Taylor distribution along the east-west 
direction of the array aperture. 

As mentioned in the discussion of configuration C in 
Subsection 4. 6. 1.1., it is possible to improve the isolation by 
using continuous 30-dB Taylor distribution along both the east- 
west and north-south paths. This satisfies e.i.r.p. requirements 
and results in higher isolation, although at the expense of effi- 
ciency and BFN simplicity. An example of such a result is shown 
in Figure 4-49 for the co- and cross-pol contours of the Boston 
beam when the array is excited by the 30-dB Taylor distribution 
in orthogonal planes . The co-pol isolation over Washington in- 
creases to about 27 dB measured from the peak at the Washington 
beam. 


4. 6. 2. 2 




ation E: Focal-Region-Fed Cassegrain System 


The Cassegrain system, as described in Subsection 4.2.2 
is designed to generate all 18 fixed spot beams for the cities 
specified by NASA, Of these 18 beams, the Boston, New York City, 
and Washington, D.C., beams impose the most stringent isolation 
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Figure 4-49. Fixed Spot Beam Over Boston Using 
Phased Array Configuration With Continuous 
Taylor Distribution in Orthogonal Planes 
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Figure 4-50* Component Beams for Boston, New York 
and Washington, D.C. Coverage 
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Figure 4-51. Fixed Spot Beam Over Boston 
Using 9 -Horn Cluster 
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Figure 4-52. Fixed Spot Beam Over New York 
Using 9-Horn Cluster 
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Figure 4-53* Fixed Spot Beam Over 
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Component 
Beam No. 



Washington 

i, D.C. 

Amplitude 

Phase 

0 

0 

0.32 

56.25 

0.16 

33.75 

0.5 

0 

1.0 

0 

G 

0 

0.32 

0 






New York 


Boston 


Amplitude j Phase Amplitude Phase 


ISO 

67.5 




j 

0.16 

0 



0.32 

45 

0.5 

-11.25 

i 

1 

45 

0.5 

I -11.25 

0.5 

11.25 



0.5 

-101.25 

0.32 

22.5 

I 0.32 

-78.75 


For the San Francisco fixed beam coverage, a 9-horn clus- 
ter is used. All feed elements are 2.54-cm (lin.) square horns. 
The component beams for San Francisco coverage are shown in Fig- 
ure 4-54, and the composite co-pol and cross-pol contour patterns 
are shown in Figure 4-55. Again, the 30-dB isolation is readily 
achieved, and the cross-pol levels are almost 45 dB at the closest 
city (Los Angeles). The coefficients of the component beams are 
given in Table 4-10. 
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Table 4-10. Coefficients for 
San Francisco Fixed 
Beam Coverage 


Component 

Beam 

Number 

Amplitude 

Phase 

1 

0 

0 

2 

0 

0 

3 

0.16 

0 

4 

0.32 

45 

5 

1 

45 

6 

0.5 

11.25 

7 

0.5 

-101.25 

8 

0.32 

-78.75 

9 

0.32 

-135 


The e.i.r.p. of any beam coverage is defined by 

e.i.r.p. « gain (dBi) + power (dBW) - loss (dB) (4-81 

where gain is the maximum edge gain of each spot beam, and the 
total input power is the total power delivered by the variable 
gain amplifier module. The loss term includes the loss from the 
VPA module to the radiating element. Table 4-11 summarizes the 
e.i.r.p., edge gain, highest sidelobe level, and the isolation at 
the closest city that shares the same polarization. The e.i.r.p, 
number in the table was evaluated by adding the gain number to 
the sum of the power at the amplifier stage of all elements for 
each cluster. A 0.2-dB loss was assumed for the MMIC transition 
since the maximum output power from a variable-power amplified 
module is 0.5 W, the total input power available to the clusters 
ranges from 0.84 W to 1.06 W, which results in almost identical 
e.r.r.p.y and gain numbers for ail beams. 


1 
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City 


Edge 

Gain 

Cross- 

Pol 

Isolation* 

Washington , D ♦ C . 

50.33 

50.6 

37 

30 

New York 

50.02 

50.2 

37 

32 

Boston 

49.91 

50.1 

36 

30 

San Francisco 

48.96 

49.2 

44 

32 


*Sidelobe level at the closest co-pol city. 


4. 6. 2. 3 Configuration F; Lens-Fed Confocal System 

The performance of the bifocal lens used in the multiple 
fixed spot beam case is evaluated here for two cities. Figure 4-56a 
shows, the Boston beam with the same satellite bias (0.7°E, 5.7°N) 
as in the phased array case. However, the peak of the beam is 
not exactly on Boston. This inaccuracy is attributed to phase 
errors introduced by the lens and suggests the need for a finer 
adjustment of the primary feed horn. Note that, without the lens 
phase error, the beam will be accurately pointed. Co-pol isola- 
tion between Boston and Washington, D.C., is not greater than 
20 dB. Figure 4-56b is another example of this configuration, 
showing the New York beam, with the same satellite bias. In this 
case also, due to the phase errors, the beam is not in the correct 
position over New York and will require a finer adjustment of the 
primary feed horn. Because of the New York beam, co-pol isola- 
tion at Buffalo is not better than 27 dB. 

As mentioned earlier in the phased array cases, the use 
of continuous Taylor distributions in orthogonal planes will result 
in higher isolation numbers and a lower efficiency. It appears 
that, when using a lens with the multiple fixed-beam, all feed 
horns that are not in or close to the focal plane will require 
finer adjustments to achieve proper beam pointing. 









4-112 










ORIGINAL PACE IS 
OF POOR QUALITY 



4.50 

85.50 


SATELLITE POSITION - 


105.00 DEGREES N. LONGITUDE 

4 1 


5.50 

84. 


0.50 

89.50 PHI 

MAX. GAIN = 49.61 DBI 


CONTOUR 
LEVELS IN DBI 

1 = 47.61 

2 = 44.61 

3 = 39.61 

4 = 34.61 

5 - 29.61 

6 - 25.61 

7 = 23.61 

8 = 21.61 
9 = 19.61 


(a) Boston Co-Pol Contours 



5.50 

84.50 

0.50 

89.50 
MAX. GAIN 


4.50 

85.50 


SATELLITE POSITION = 105.00 DEGREES M. LONGITUDE 

■I 1 


PHI 

51.09 DBI 


CONTOUR 
LEVELS IN DBI 

1 * 49.09 

2 = 46.09 

3 = 41.09 

4 = 36.09 

5 = 31.09 

6 = 27.09 

7 = 25.09 

8 = 23.09 

9 = 21.09 


(b) New York Co-Pol Contours 


Figure 4-56. Fixed Spot Beam With Bifocal Lens 


4-113 



A shuttle-compatible communications spacecraft configura- 
tion, shown in Figure 4-57, was developed to illustrate techniques 
for packaging antenna systems of the type discussed in this section 
A large spacecraft is assumed because of the power and thermal 
requirements of the antenna subsystem. An undefined upper stage 
is used, with the yaw axis of the spacecraft coincident with the 
longitudinal axis of the shuttle bay. This launch position per- 
mits the entire shuttle bay diameter of 15 ft to be used for the 
reflector, if required. The spacecraft configuration shown has 
two distinct antenna subsystems. The DC input power for the 
scanning beam and fixed beam arrays was estimated to be as high 
as 7 and 1.5 kW respectively. If the amplifiers are about 
15-percent efficient, a total of 7.2 kW will be radiated as waste 
heat. This radiator (approximately 28 m 2 ) is identified in Fig- 
ure 4-57 as having north/south facing surfaces. The actual loca- 
tion of the radiator depends on the spacecraft configuration. It 
is assumed that a separate spacecraft configuration study will 
locate the radiator on the basis of the temperatures and heat re- 
jection requirements established in this study. 

The large deployable reflectors are stowed one above 
the other; launch locks carry the loads from the top reflector 
through the second reflector to the tower. The top reflector re- 
quires two hinges to achieve the necessary deployed geometry. 

The second hinge, however, will aggravate mechanical misalignment 
and possibly thermal distortion problems. Detailed configuration 
work with alternate optical arrangements, in addition to those 
illustrated in the figure, will be necessary to establish the 
optimum design with respect to RF performance and the mass and 
volume of the antenna subsystem. The consideration of folded 
optics recognizes the importance of the shuttle- launch cost in- 
centive to minimize spacecraft length. 
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5. FEED ARRAY DESIGN 


5.1 INTRODUCTION 

Task IV of this project dealt with the detailed aspects 
of the feed array design for both multiple scanning beam and mul- 
tiple fixed bem antennas. Based on the studies performed under 
Task III and presented in Section 4, a phased-array feed element 
was fabricated and tested. This element included the radiating 
square horn, the orthomode transducer, and the MMI C/waveguide 
transitions. Also a lens element comprising MMIC/waveguide 
transitions in square waveguides for dual polarization was 
assembled. The mutual coupling effects in the array were thor- 
oughly assessed, both analytically and through measurements. To 
study the scanning performance of the phased array, a 34-element 
subarray was fabricated and tested for different kinds of ampli- 
tude tapers. The MMIC was integrated into the feed element by 
using MMIC/waveguide transitions designed for rectangular and 
square waveguides. The propagation characteristics in f inline 
structures were analyzed to assist in the design procedure. Also 
under Task IV, a comprehensive study of the beam- forming network 
(BFN) for all the final configurations was carried out, and a de- 
sign for the thermal control system was studied. 


5.2.1 


RADIATING ELEMENT 


As mentioned in Subsection 4.3, a square horn of aper- 
ture dimension 2.0A at band center was selected as the radiating 
element for the phased array, for both the scanning array and the 
multiple beam array. For the multiple beam feed array in the 
Cassegrain system of Configuration E, the element is also a square 
horn, but with the smaller aperture dimension of 1.3A at band cen- 
ter. 

For the phased array, the element aperture size, the 
length, and taper satisfied all the requirements of scanning step 
criteria, avoiding grating lobe, suppressing the TM 12 mode at the 
horn aperture, and reducing aperture phase errors. The square 
waveguide dimensions at the horn input were chosen to allow for 
dual linear polarization, as discussed in subsection 5.2.2. 

A horn with the design parameters outlined in Table 4-5 
was fabricated and tested and is shown in Figure 5-1. The E- and 
H-plane radiation patterns of this horn were measured at three 
frequencies in the 17.7-20.2 GHz band. Figure 5-2 shows the 
measured patterns. 


5.2.2 ORTHOMODE TRANSDUCER 

An orthomode transducer (OMT) is used to feed the radi- 
ating element with dual polarization. Figure 5-3 is a cross- 
sectional sketch of the OMT, where the two perpendicularly polar- 
ized signals are fed through the shunt and the back (or through) 
ports. The shunt port carries the horizontal polarization, which 







Figure 5-1. Horn Element for Scanning Beam Array 
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Figure 5-2. E-Plane and H-Plane Radiation 
Patterns for Square Horn (Cont'd) 
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is reflected at the horizontal vane and propagates toward the horn. 
The vertical polarization, fed through the back port, is normal 
to the vane and propagates directly to the horn. Both input ports 
have standard WR-42 waveguide cross sections. To match the back 
port to the square cross section of the OMT, a two-section, 
quarter-wf>w length transformer is used. 

The square cross-sectional dimensions of the OMT mast 
be chosen to allow only TE 10 modes of both polarizations to propa- 
gate. Table 5-1 lists the cutoff frequencies for the TE 10 r TE 1Jr 
and TE 2 o modes in square waveguides of different dimensions. The 
0.965-cm (0.38-in.' ) square waveguide offers an operating band en- 
closing the 17.7-20.2 GHz band about its center. This dimension 
is chosen for the OMT and, consequently, for the radiating horn 
and other square waveguide sections in the system. 


Table 5-1. Cutoff Frequencies for 
Rectangular Waveguides 


Waveguide Size 
(cm) 

Cutoff Frequency (GHz) 

TEjo Mode 

TEn Mode 

TE 20 Mode 

WR-42 1.067 X 0.432 

14.05 

37.45 

28.10 

Square 1.067 x 1.067 

14.05 

19.87 

28.10 

Square 1.016 x 1.016 

14.75 

20.86 

29.50 

Square 0.965 x 0.965 

15.53 

21.96 

31.06 

Square 0.914 x 0.914 

16.39 

23.18 

32.78 


A breadboard model of the OMT was fabricated and tested. 
Figure 5-4 is a photograph of the OMT showing its different sec- 
tions. The final matching is achieved through two tuning screws 
at the two inputs. Figures 5-5 through 5-7 show the measured 
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performance of the OMT across the operating frequency hand. The 
obtained return loss, shown in Figure 5-5, exceeds 20 dB for fre- 
quencies less than the upper band limit of 20.2 GHz. The port-to- 
port isolation, Figure 5-6, is better than 45 dB across the band. 

The insertion loss is measured between each input and the WR-42 
side of a 9.65-mm-sguare-to-WR-42 waveguide taper. Figure 5-7 
indicates insertion losses of about 0.08 dB. 

5.2.3 PHASED ARRAY ELEMENT 

The complete phased array element consists of the radi- 
ating horn fed by the OMT, which in turn is fed through the two 
orthogonal ports via waveguide sections containing the MMIC ampli- 
fier modules. A detailed discussion of this waveguide/MMI C/wave- 
guide transition section is given in Subsection 5.7. Assembly of 
the horn, the OMT, and two transitions results in the phased array 
element shown in Figure 5-8. 

The overall performance of this breadboard element was 
measured. The return losses, port-to-port isolation, and insertion 
losses are shown in Figures 5-9 through 5-11, respectively. Be- 
cause of the limitations of the MM I C/waveguide transitions, the 
bandwidth of the whole phased array element is reduced to about 
1 GHz for a return loss better than 15 dB. The port-to-port iso- 
lation is higher than 47 dB across the full band. The insertion 
loss without the radiating horn, however, is about 1.1 dB across 
a 1-GHz bandwidth. This loss reflects mainly the 50-fi line loss 
inside the transition, as pointed out in Subsection 5.7. It 
should be noted that the bandwidth restrictions of the transition 
are dictated by the stepped transformer sections in the circuit, 
which are used to match the 50-fi MIC line to the waveguide imped- 
ance. A continuous taper transformer design may increase the 
bandwidth to nearly the full 2.5 GHz, as discussed in Subsection 5.7 
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Figure 5-8. Complete Breadboard Model of Array Element 
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Figure 5-9. Heturn Loss of Breadboard Array Element 
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LENS ELEMENT 


The complete lens element consists of an input radiating 
horn, two square waveguide sections containing the MMIC amplifier 
modules, and an output radiating element. The amplifier modules 
are placed inside the square waveguide/MMI C/waveguide transition 
sections. The square waveguide has the same dimensions as the 
horn input and supports both vertical and horizontal polarizations 
The MMI C/waveguide transition is designed so that it supports no 
coupling between the two orthogonal polarizations. A discussion 
of this transition is given in Subsection 5.7.3. Figure 5-12 
shows an assembled breadboard model of the lens element. 

To form the inner lens surface, the physical length of 
the square waveguide section in the lens element will be differ- 
ent for different elements. To make the electrical length be- 
tween the input and output horns conform to a given design length, 
an extra line length can be added in the MIC circuit. 


5.3 MUTUAL COUPLING EFFECTS 

For an array of square horns, the significance of mutual 
coupling effects depends on the size of the individual horn aper- 
ture and the spacing between horns. A computer program has been 
developed at COMSAT Laboratories to calculate the mutual coupling 
between rectangular apertures in a plane [5-1], The program uses 
the correlation matrix technique to evaluate the scattering and 
admittance matrices. The results of the computer program have 
been compared with experimental results in the past and have shown 
very good agreement. 

The horn sizes considered in this study range from 1.3A 
for the multiple beam focal -region- fed Cassegrain system to 2K 
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for the phased array. For the larger elements of 2K, the mutual 
coupling is expected to be much less than for the smaller elements. 
To study the mutual coupling effects, an array of square horns 
was fabricated. Because of the existence of hardware at the K u 
band (11.7-12.2 GHz), the horns were designed for this frequency 
band. The horn size chosen was about 1.3A, with element spacing 
of 1.43A at the center frequency of 11.95 GHz. This spacing is 
similar to that of the smaller horns considered for the design 
under consideration, and this size would demonstrate the worst- 
case mutual coupling effects. 

Figure 5-13 shows the square horn array built to study 
the coupling effects. The elements of the array are fed with OMTs 
to excite vertical and horizontal polarizations. The array mount- 
ing frame is designed to allow for reconfiguration of the elements 
in the array into triangular lattices. The arrangement shown in 
Figure 5-14 is used to calculate and measure the mutual coupling 
in a 12 -element array, and Figure 5-15 shows calculated coupling 
coefficients between different elements. Figure 5-16 shows meas- 
ured mutual coupling coefficients across the frequency band be- 
tween two adjacent horizontally polarized elements and two 
adjacent vertically polarised elements. The corresponding values 
calculated using COMSAT's mutual coupling program are shown on 
the same figure for comparison. 

From Figures 5-15 and 5-16, the coupling coefficients 
between two 1.3A square apertures spaced 1.4A apart is less than 
-28 dB, The coupling is higher between two colinear apertures 
with horizontal polarization, such as horns 7 and 8. For adjacent 
vertically polarized horns, the electric fields go to zero at the 
common edge and the coupling becomes less. Also, for offset ver- 
tically polarized horns (such as horns 6 and 10), the electric 
field distribution in the two apertures is such that strong field 
in one horn is colinear with almost zero field in the other horn, 
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thus resulting in weaker coupling. As the frequency increases, 
the horn sizes increase electrically and the mutual coupling de- 
creases accordingly. This means that, for larger elements of Zk 
square apertures, the coupling will be less than the -30 dB ob- 
served for the 1.3A apertures. 

To study the effects of mutual couplings on the radia- 
tion pattern of the array, a 14-element array was configured as 
shown in Figure 5-17. The element patterns of the central ele- 
ment, 10, and the edge element, 1, and the isolated pattern of a 
single horn were measured for both orthogonal polarizations. 
Figure 5-18 shows the E-plane, H-plane, and 45° -plane patterns 
for element 10 at 11.7 GHz when this element is excited with ver- 
tical polarization through the back port of the OMT. The other 
elements in the array are terminated with matched terminations. 
These patterns represent the large array element pattern, or the 



Figure 5-14. 12-Element Array 
Configuration 
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(c) Self Coupling of Vertically 
Polarized Element 


Figure 5-15. Calculated Couplings Between Elements 
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scanning pattern of the complete array. Because of the central 
position of the element being measured, the contributions of the 
mutual couplings between this element and the other elements in 
the array add in a symmetric manner, resulting in a symmetric pat- 
tern. The cross-polarization patterns are shown in the same fig- 
ure for the E-plane, H-plane, and 45° -cut plane. 
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Figure 5-17. 14-Element Array 
Configuration 

For edge element 1, the mutual coupling contributions 
do not add symmetrically. Figure 5-19 shows the E-plane, H-plane, 
and 45°-plane patterns for this element at 11.7 GHz when it is 
excited with vertical polarization. The asymmetry of the pattern 
is especially apparent in the E-plane pattern. This shows that, 
although the individual mutual coupling coefficients may be small, 
their accumulation can have a significant effec 4 * on the pattern 
of the edge elements. 
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(c) 45° Plane 


Figure 5-18. Co- and Cross-Pol Radiation Patterns of Vertically 
Polarized Central Element 10 at 11.7 GHz (Cont'd) 








To compare the patterns of the array elements with the 
single horn patterns. Figure 5-20 shows the E-plane, H-plane, and 
45° -plane patterns of an isolated horn at 11.7 GHz. 

A complete set of pattern measurements was taken at 
three frequencies in the band, 11.7, 11.95, and 12.2 GHz, for the 
central element, the edge element, and the isolated single horn. 
These measurements are included in Appendix A. The measurements 
show again that, as the frequency increases, the element size and 
element spacing increase in terms of wavelength, and this leads 
to reductions in the mutual coupling effects. This is apparent 
in the patterns of the edge element whfire the asymmetry becomes 
less as the frequency increases. As mentioned earlier, the ele- 
ment patterns show, in addition to the mutual coupling effects, 
the complete array scanning patterns in different planes. This 
information is considered in Subsection 5.5 in a discussion of 
the scanning performance of the array. 

5.4 COMPLETE ARRAY DESIGN 

As discussed in Subsection 4.3, the complete phased 
array contains 576 elements, arranged in a triangular lattice of 
24 rows. The building unit of the array is the feed element dis- 
cussed in Subsection 5.2, of which a breadboard model is shown in 
Figure 5-8. However, to accommodate the OMT and transition sec- 
tions within the overall dimensions of the array aperture, the 
horizontal polarization must be fed through a 90° H-plane bend. 
Also, to allow for uniform design of the BFHs of both polariza- 
tions and for the widest surface areas available for thermal con- 
duction via heat pipes, a 90° twist is used to bring the horizontal 
polarization am of the OMT parallel to the vertical polarization 
arm. Figure 5-21 is a conceptual drawing of the dual -polarized 
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Figure 5-20. Co- and Cross-Pol Radiation Pattern of an 
Isolated Element at 11.7 GHz (Cont'd) 
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Figure 5-21. Conceptual Drawing of Dual-Polarized Array Element 
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element, and Figure 5-22 is a detailed drawing showing the arrange 
ment of the dual-polarization inputs of the array. As discussed 
in Section 3, the spacing between parallel rows should allow for 
the six BFNs of the six scanning beams. This imposes severe re- 
strictions on the size of the BEK, as will be discussed in Sub- 
section 5.6. The lens array will have the basic element shown in 
Figure 5-23. 


5.5 MEASURED SCANNING PERFORMANCE 


To study the scanning performance of the array, a 
34-element dual-polarized phased array was fabricated and tested. 

The array was built for the frequency band of 11.7-12.2 GHz and 
the elements described in Subsection 5.3 were used. The element 
size of 1.3A and spacing of 1.43A. at band center corresponds to 
the use of a dual-reflector system of magnification factor 5, 
according to Figure 3-12. The array configuration is shown in 
Figure 5-24. Eight central colinear elements were fed by using a 
BFN designed and assembled for this purpose. The eight elements 
formed a linear array of dual polarization. The 26 other elements 
were terminated with matched loads, thus providing the environment 
of a large array. Figure 5-25 shows the array and the BFN, and 
Figure 5-26 shows the details of the BFN where the eight outputs 
can be adjusted continually to produce any desired amplitude and 
phase distribution. 

Three different distributions were considered in the 
measurements: uniform distribution, Taylor distribution, and quan- 

tized Taylor distribution. The beam was scanned from 0 to 20°. 

For the magnification factor of 5, this corresponds to far-field 
scanning of the dual-reflector system of 4°. To adjust the ampli- 
tudes and phases of the BFN, the electric field of the corresponding 
polarization was probed at the horn aperture by using a similar 
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34 - ELEMENT ARRAY OF 1.4 A x 1.4 A 
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Figure 5-25. 34-Element Array and BFN 
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Figure 5-26. Details of the BFN for the 8-Element 











horn as a probe. This takes into account any differences in phase 
or amplitude responses of the OMTs or the cables connecting the 
BFN to the OMT ports* Examples of the amplitude and phase distri- 
butions measured at the array aperture are shown in Figures 5-27 
through 5-29 for three scanning directions. Uniform amplitude 
distribution is obtained in the three cases across the frequency 
band of 11.7-12.2 GHz, with a deviation of +0.4 dB. The three 
cases represent equal phases, 90° phase-shift, and 180° phase- 
shift between adjacent horns. The phase deviations are within 
+4° . 

For uniform distribution, the array’s E-plane pattern 
was measured when the elements were horizontally polarized, and 
the H-plane pattern was measured when the elements were vertically 
polarized. The measurements were repeated at the three frequencies 
of 11.7, 11.95, and 12.2 GHz. Figure 5-30 shows the E- and H-plane 
patterns at 11.95 GHz when all elements are in phase. The grating 
lobes that appear at +44° are more prominent in the H-plane pattern 
because of the wider element pattern in that plane. With a magnif- 
ication factor of 5, this corresponds to far-field grating lobes 
of +8.8°, which means that the scanning range free of grating lobes 
is about +4.4°. The required CONUS coverage is well within this 
range . 

When the array is fed with uniform distribution and pro- 
gressive phase, the beam scans as shown in Figures 5-31 and 5-32 
for 90° and 180° phase shifts, respectively. These figures show 
the E- and H-plane patterns at 11.95 GHz. As expected, the main 
beam scans about 10° for the 90° and about 20° for the 180° phase 
shifts. The grating lobe level increases as it moves in the same 
direction as the main beam. For the 180° phase shift, the out-of- 
phase excitation case occurs, in which the main beam and the grat- 
ing lobe have the same level and are in equal angular directions 
about broadside. A complete set of pattern measurements for the 
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Radiation Pattern of 8-Element Array at 
11.95 GHz: Uniform Amplitude, 

90° Progressive Phase Shift 
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Figure 



(a) E-Plane of Horizontal Polarization 



(b) H-Plane of Vertical Polarization 


5-32. Radiation Pattern of 8-Element Array at 
11.95 GHz: Uniform Amplitude, 

180° Progressive Phase Shift 
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E- and H-planes at 11.7, 11.95, and 12.2 GHz, with progressive 
phase shifts of 0, 45°, 90°, 135°, and 180°, are given in 
Appendix B. 

The reduction in gain as the main beam scans, or the 
array scan loss, was also measured for both horizontal and verti- 
cal polarisation (E- and H-planes ) . Figure 5-33 shows the gain 
variation as the array scans to +20° . The measured embedded ele- 
ment patterns are given on the same figure to show how the array 
scanning pattern follows the element pattern, as expected. The 
H-plane scan has about 2 dB of scan loss at 20°, while the E-plane 
has as much as 4 dB. Figure 5-34 shows the measured vs calculated 
scan loss for E- and H-plane scanning at the three frequencies. 

The second type of excitation considered for these meas- 
urements is the Taylor distribution. Table 5-2 shows the amplitude 
coefficients of the eight elements to produce a 30-dB Taylor pat- 
tern. Examples of the measured patterns are shown in Figure 5-35 
for broadside radiation in the E- and H-planes at 11,95 GHz. The 
sidelobe levels are reduced to about 25 dB below the main beam in 
the E-plane and about 24 dB in the E-plane. Additional measured 
results at other frequencies and other scan directions are in- 
cluded in Appendix B. The gain variation with scanning for this 
kind of amplitude distribution is shown in Figure 5-36 for the 
E- and H-planes. The scan loss is about the same as in the case 
of uniform distribution. 

The third type of excitation is the Taylor distribution 
quantized to fit the predetermined levels set by the amplifier 
modules. Table 5-2 shows the quantized levels corresponding to 
the original Taylor distribution. Examples of the measured pat- 
terns are shown in Figure 5-37. The broadside radiation patterns 
at 11.95 GHz show sidelobe levels about 20 dB below the main 
beam peak for both E- and H-planes . The increase in the sidelobe 
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(a) E-Plane of Horizontal Polarization 


MEASURED ELEMENT PATTERN 

+ ■+ MEASURED RELATIVE ARRAY GAIN 


11.7 GHz 11.95 GHz 12.2 GHz 



> 10 20 30 0 10 20 30 0 10 20 30 

0 (DEG) 0 (DEG) © (DEG) 

(b) H-Plane of Vertical Polarization 

Figure 5-33 . Measured Gain Variations vs Scan Angle for 
8-Element Array: Uniform Distribution 
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[a) 11.7 GHz 



(b) 11.95 GHz 



(c) 12.2 GHz 


Figure 5-34. Calculated, vs Measured Gain Variations With Scan 
Angle for 8-Element Array: Uniform Distribution 
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level is expected and is consistent with the discussion presented 
in Subsection 4.3 . Additional measured results at other fre- 
quencies and other scan directions are included in Appendix B. 
Figure 5-38 shows the gain variation with scanning for the quan- 
tized Taylor: distribution. As for Taylor distribution, the scan 
loss is about the same as in the uniform distribution case. 


Table 5-2. Amplitude Coefficients for 
8 -Element 30-dB Taylor and Quantized 
Taylor Distributions 


Element 

Number 



Relative Amplitude Level 

30-dB 

30-dB 

Taylor 

Quantized Taylor 

0.197 

0.158 

0.489 

0.500 

0.799 

1.000 

1.000 

1.000 

1.000 

1.000 

0.799 

1.000 

0.489 

0.500 

0.197 

0.158 


BEAM-FORMING NETWORK DESIGN 


5.6.1 


CONFIGURATION C 


As shown in Figure 3-25, the BFN comprises a 1-input, 
576-output power dividing network (PDN); phase shifters on each 
of the outputs; 3 -way combiners combining corresponding outputs 
of each of the two sets of three PDNs each; followed by amplifiers 
before feeding the two ports of the OMTs at each antenna element. 
Figure 5-39 is a schematic representation of the general config- 
uration of a BFN for one beam. A vertical 1-input, 24-output EDN 
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SCAN ANGLE (DEG) © 


Figure 5-38. Relative Gain Variation With Scan Angle for 
8-Element Array at 11.95 GHz: Quantized 30-dB Taylor 

Distribution 
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TWENTY-FOUR, 24-WAY 



POWER DIVIDER 


Figure 5-39 . Conceptual Drawing of the BFN Design of 
one Beam in the Multiple Scanning Beam Array 


feeds 24 similar 1-input, 24-output PDNs positioned horizontally. 
The 24-way power divider is schematically shown in Figure 5-40. 

The output ports of the horizontal PDNs lie just behind the ar- 
rayed antenna elements. Since the array has a triangular lattice, 
alternate horizontal PDNs will have their outputs offset by an 
appropriate amount* 

Figure 5-41 shows how the three networks corresponding 
to the same polarization are interlaced to form a compact BFN. 

The other three BFNs are handled in the same fashion. Each of 
the six vertical networks are offset from the previous one to ac- 
commodate feeding the respective horizontal networks. This offset 
is different from the offset in the outputs of the horizontal 
PDNs, and is about equal to the PDN thickness. Since the physical 
size of the array is fixed by design, the height of a PDN layer 
cannot be excessive because the outputs of the combiners of vert- 
ically and horizontally polarized beams, respectively, must be 
positioned close to the antenna/OMT element they will be feeding. 

The PDNs and combiners could be implemented in any one 
of the many transmission line media. Three types of media offer 
the most advantages in implementing the PDNs; striplines, micro- 
strip lines, and reduced-height waveguides* The stripline and 
microstrip PDNs have the advantage of being simple and less costly 
to fabricate. However, they are lossier and are not amenable to 
simple tuning once they are built. They satisfy the thickness 
constraint, but, on the other hand, require input and output con- 
nectors which may pose a significant impedance matching problem 
at this frequency band. Also, to fall within the required thick- 
ness, the connectors must be of the snap-on or slide-on type, 
which may add to the matching problem. 

The waveguides are much less lossy than their stripline 
and microstrip counterparts. Waveguide dividers are wideband, 
low-loss, and can be tuned through screws in the top or bottom 
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Figure 5-40. Schematic of 24-Way Power Divider 
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Figure 5-41- Layout Drawing of Scanning Beam BFN Design 




plates. Reduction of the waveguide height increases the attenua- 
tion, but still offers an attractive alternative to stripline and 
microstrip line. Table 5-3 gives an estimate of losses in dB/cm 
and total dissipative losses of the network for waveguide of stan- 
dard 1.067-cm (0.42-in.) width with different heights, as compared 
with stripline and microstrip line losses. 


Table 5-3. Loss Estimates at 18.95 GHz for 
Waveguide and Stripline Networks 


Transmission 
Line Type 

Attenuation 

(dB/cm) 

Estimated Total Network 
Dissipative Loss 
(dB) 

Standard WR-42 



0.006 

0.65 

(1.067 x 0.432 

cm) 




Reduced-Height 

0.305 

cm 

0.008 

0.88 

(1.067 x 0.305 

cm) 




Reduced-Height 

0.254 

cm 

0.009 

1.0 

(1.067 x 0.254 

cm) 




Reduced-Height 

0.203 

cm 

0.011 

1.18 

(1.067 x 0.203 

cm) 




Stripline 



0.059 

5.7 

Microstrip Line 


0.098 

9.5 


Although the realisable e.i.r.p. depends mainly on the 
output power delivered by the amplifier modules, the BFN dissipa 
tive loss and the maximum amplifier gain determine the size of 
the RF driver feeding the amplifier modules. It is desirable to 
keep the input power level as low as possible. From Table 5-3, 
assuming an average input power per element of 2.5 mW (based on 
50-percent amplitude taper and 20-dB gain of the 0.5-W modules), 
the stripline- fed 576-element array will need an RF driver of 
5.38 W. A microstrip- line- fed network is even lossier and will 









require more than 10 W of RF driver power. A 0.254-cm reduced- 
height waveguide BFN, however, will require only 1.81 W of RF 
power. 

Considering all the factors, the reduced-height waveguide 
BFN is the best candidate for this configuration. It can be fabri- 
cated with inside dimensions of 1.067 x 0.264 cm, and the H-plane 
power divider can be channeled in one aluminum block of dimensions 
76.2 x 30.5 x 0.508 cm. The waveguide top is provided in the form 
of a 0.051-cm cover, which is screwed on recessed portions of the 
waveguide walls to guarantee perfect top-to-sidewall contacts for 
the waveguides. 

Figure 5-42 is a schematic diagram of part of the PDN, 
which contains a number of 3- and 4.8«dB couplers. The 3-dB cou- 
pling is achieved by using sidewall short slot hybrid couplers, 
which provide an equal power split with 90° phase shift. The 
4.8-dB coupler uses sidewall hole coupling to produce a one-third 
to two-thirds power split. The connections between the horizontal 
’'shelves 1 ' and the vertical "shelf," and between the horizontal 
shelves and the 3-way combiner or the phase shifter circuit, are 
all made in waveguides. This guarantees repeatable performance 
with low loss. Because of the size limitations, special ear- type 
flanges must be used, as shown in Figure 5-43. To use the same 
design for horizontal and vertical dividers, a 90° twist is con- 
nected between the outputs of the vertical dividers and the inputs 
of the horizontal dividers. 


5.6.2 CONFIGURATION D1 

The BFN concept for this configuration is similar to 
that of Configuration C. A 9-way combiner is used instead of a 
3 -way combiner to combine the outputs of two sets of nine PDNs 
interlaced in the same fashion. Assuming a 0.508-cm thickness 








for one PDN, there will be about 9.144 cm between adjacent copolar- 
ized outputs (Figure Z £4). Since the spacing between copolarized 
OMT ports at the antenna element array is only 3.266 cm, the con- 
necting waveguides must be snaked around, as shown. These addi- 
tional waveguide sections (not present in Configuration C) increase 
the BFN loss slightly. 

The IS interlaced feed networks form a BFN that is very 
large, about 76.2 x 213.36 cm. The 213.36-cm dimension can be 
reduced by employing waveguides of still shorter heights (0.203 cm) 
so that the PDN is 0.330 cm thick. This reduces the BFN dimensions 
to 76,2 x 142.24 cm, but may result in additional practical imple- 
mentation problems. 


5.6.3 CONFIGURATION E 

In this configuration, a nine-horn cluster for each beam 
is envisioned. For most cities, these clusters will be independent. 
However, because of the proximity of New York, Boston, and Washing- 
ton, D.C., some horns must be shared. Figure 5-45 shows a layout 
of the BFN for these cities. Horn 9 is shared by all three cities, 
and hence a combiner is used for Boston and Washington, D.C., be- 
fore the OMT port. Because of the additional loss in these lines, 
the next higher state of amplifier outputs will be used. 

The PDNs consist of couplers and phase shifters which 
are made in waveguide . The phase shifter and the amplifier modules 
can be mounted in waveguide sections, for which transitions were 
constructed and tested as discussed in Subsection 5.7. A 2-way 
combiner is needed to combine one output from each of the Wash- 
ington, D.C., and Boston BFNs. The output ports are arranged so 
that they mate into the respective antenna elements of the cluster. 
Outputs of these networks are connected to the respective antenna 


5-61 





U G> 
O 3 
O 39 
pcj 

O no 

C 23 

> 

r- nj 



Figure 5-44. BFH Concept for 18 Spot Beam Phased Array 
Configuration (Configuration Dl) 
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elements through waveguide sections with the phase shifters and 
amplifiers. In this case, standard WR-42 waveguides are used, 
since there is no interlacing. 

Based on the attenuation values given in Table 5-3, the 
total network dissipative loss for each of the three networks will 
be about 0.25 dB. 

Similar BFNs are envisioned for the remaining 15 cities. 

In all these cases, the BFNs are relatively simple in design. 

None of the remaining feed arrays require co -polarised feed sharing, 
and all other feed sharing is performed via an OMT. 


1 ! 


5.6.4 


IMPLICATIONS FOR 30-GHz BFNs 


At the receive frequencies, the BFN passive components 
for the various configurations will be scaled versions of the 
20-GHz components. The combiners will be used as dividers. Use 
of the waveguide transmission line medium will be made attractive 
based on loss considerations. In waveguide, all components can 
be scaled to the appropriate frequency; therefore, no implementa- 
tion problem is foreseen. On the other hand, the active components 
such as phase shifters and low-noise amplifiers must be developed 
in MMIC form at 30 GHz. 


5.7 


DESIGN AND ANALYSIS OF MMIC- TO- WAVEGUIDE TRANSITION 


Two dual-polarization phased array transition configura- 
tions were investigated and prototypes were built. One is a single 
polarization transition, and the other is an orthogonal dual-po- 
larization transition. In both versions, the MMIC circuit is 
mounted on a dielectric (beryllia) substrate which includes 
impedance matching and bias circuits. The substrate assembly is 


! i 
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if i 
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mounted vertically (in the E-plane) in a square or rectangular 
waveguide section, as shown in Figure 5-46. 

For both lens and phased array applications, two transi- 
tions are required, one for each polarization. In the phased 
array configuration, the two transitions are mounted in standard 
height (rectangular) waveguide housings. Since the OMT will 
couple only vertically or only horizontally polarized components 
to each of the two output ports (within the isolation limits of 
the structure), each of the transitions will be in a single polar- 
ization environment. In the lens configuration mode, separation 
is accomplished through orthogonal mounting of the two transitions 
in a section of square waveguide, as shown in Figure 5-47. Mode 
isolation in this case depends on control of the mechanical and 
physical parameters of the structure. 


5.7.1 DES IGN PROCEDURE 

For both the square and rectangular transitions, the 
design began with a calculation of the propagation characteristics 
and characteristic impendences for the chosen geometries and di- 
electrics. Although some material is available in the literature 
on finlines, much of it is restricted to special waveguide geom- 
etries or dielectrics (RT-Duroid being the most popular) [5-2], 
[5-3]. The requirement for nonstandard waveguide goemetries and 
a previously unanalyzed dielectric, namely 0.635-mm (0.025-in.) 
beryllia chosen for its high thermal conductivity, made it neces- 
sary to calculate the required parameters. 

Two approaches were taken for the calculation of the 
effective dielectric constant. The first was an approximate 
technique, which also yielded characteristic impedance. At one 





gap extreme, the finline was modeled as a slotline and, at the 
other extreme, as a slab-loaded waveguide * For the slotline, data 
are available in either graphical [5-4] or closed form, or in the 
circuit analysis program Super-Compact. For the slab-loaded guide, 
an exact solution was found by using the theory developed in Ref- 
erence 5-5. This process resulted in one set of points for Zq 
and e e f£ for narrow gaps, and one solution for Zq and £ Q £ f for a 
full height gap. A curve was fitted to interpolate between the 
two extremes. 

The following subsection discusses the second approach 
{spectral domain), which yields data for s e ££ over the entire 
range of gaps. 


5. 7. 1.1 Calculation of Propagation Characteristics in Finlines 

Using Spectral Domain Analysis 

This subsection is concerned specifically with the ana- 
lytical determination and computation of the propagation constant 
of finline. The analytical approach selected as most suitable 
for this work is known as spectral domain analysis. The tech- 
niques described in this subsection were followed in the develop- 
ment of a computer program named SAIL (Spectral Analysis of 
Inhomogeneous Lines). At this writing, SAIL gives accurate values 
of propagation constant for empty rectangular waveguide, dielectric- 
slab-loaded rectangular waveguide, finline for the entire range 
of fin widths, and microstrip and suspended- substrate transmission 
lines. Microstrip was included in SAIL because its analysis re- 
quires only a slight rearrangement of finline coding, and extensive 
and reliable data on microstrip are available in the literature 
to verify the SAIL computations. 
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Figure 5-48 represents uniform f inline supporting propa- 
gation along the z-axis. Because both TE and TM modes are needed 
to describe the electromagnetic conditions at the air/dielectric 
interfaces, the solution to the boundary value problem is often 
referred to as a hybrid-mode solution. 

The essence of the spectral domain technique of hybrid- 
mode analysis is Fourier transformation in space of the assumed 
tangential field or current distribution along the fin/gap inter- 
face. Ideal thin conductors are assumed for the fins. 

The first successful use of this technique was Den- 
linger*s [5-6] application to open microstrip. After determining 
the fields in the Fourier domain, Denlinger reverted to the space 
domain to set up a pair of coupled integral equations for solution 
of the propagation constant along the z-axis. Itoh and Mittra [5-7] 
explained that, by remaining in the Fourier domain, the coupled 
integral equations were represented by coupled algebraic equations 
relating imposed currents to resulting fields at the air/dielectric 
interface. Then, following the moment method [5-8], they formed 
an inner product of each term of the coupled equations by using 
the assumed fields or currents as weighting functions (Galerkin' s 
method). This yielded a matrix equation whose determinant was 
shown to equal zero when the proper value of propagation constant 
was used. Harrington [5-8] has proved that the moment method has 
a variational interpretation and thus leads to accurate values of 
propagation constant for only approximate descriptions of current 
density or field. 

Next, Davies and Mirshekar-Syahkal [5-9] demonstrated 
that this approach could be applied to structures with a multi- 
plicity of dielectric layers. Finally, Itoh [5-10] proposed a 
simple coordinate transformation from the imposed z- and 
x-directions which yielded fields (or currents) that generated 





only TE-to-y or only TM-to-y solutions for the fields in the struc- 
ture. He then showed that the variation of these mode fields in 
y could he determined by straightforward transmission-line analysis 
This led to a simpler, more intuitively satisfying way of setting 
up the final matrix, whose determinant is set to zero by itera- 
tively searching for the correct value of propagation constant. 

The above concepts were used in the development of SAIL. 

For narrow gaps (G < B/2), the gap field <basis func- 
tion) in SAIL is assumed to have single x- and z -components . The 
x-component is taken to be proportional to 1/V ( G/2 ) 2 - x 2 and the 
z-component proportional to sin (xx/G) V(G/2 >^ - x a . For wide 
gaps (G > B/2), the basis functions are chosen to represent the 
currents on the fins. (Different approaches are used for narrow 
and wide gaps because reasonably simple field or current approxi- 
mations hold best for small conductors or gaps, and because the 
basis functions chosen must be Fourier transformable with simpli- 
city.) An electric wall is passed between the fins and the ori- 
gin of the coordinate axes moved along x by B/2. Thus, the 
problem actually solved is the first higher order mode on micro- 
strip, which is completely equivalent to wide f inline. In this 
case, the transverse current density is proportional to cos (o'/2) 
4l - (x') 2 where x' = (1 - 2x/B)/{l - G/B). The longitudinal cur- 
rent is taken to be proportional to the derivative with respect 
to x' of the transverse current density, as suggested by 
Jansen [5-11]. 

For the empty or dielectric-loaded waveguide (no fins), 
the field is uniform across B, and only a single (TE-to-y) mode 
is needed for solution. However, when fins are present, it is 
necessary to use about 200 terms in the Fourier expansions to 
accurately accommodate the singularities of the basis functions. 

Figure 5-49 illustrates the agreement for the three sepa- 
rate solutions: narrow gap, wide gap, and empty waveguide. 
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Figure 5-49. Combined Plot of Narrow Gap, Wide Gap, and 
Empty Waveguide Solution for \g/\ vs Gap Width 
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Computations by SAIL showed no perceptible difference; 
from Bryant and Weiss' [5-12] program MSTRIP (within MSTRIP 's 
range of best accuracy) for microstrip, Davies and Mirshekar- 
Syahkal's [5-9] finline graph, Knorr and Shayda's [5-13] 
dielectric-loaded waveguide and finline results (when SAIL used 
the same simplified basis function used by Shayda), Jansen's [5-14] 
finline graphs, and Cohn's [5-15] slotline results* 
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5. 7. 1.2 Characteristic Impedance 


It is well-known that a unique characteristic impedance 
exists in TEM transmission lines and that it can be calculated 
from any of the following [5-16]; 


2 0 


V . _ _ 2W_ . 7 = Til 
I * II* ' 2W 


(5-1) 


This property is attributable to the uniqueness of the current 
and voltage at a given point along the line. In waveguides and 
f inlines, however, no such unique definition of current and volt- 
age exists, and the determination of Z 0 must be done carefully 
and with recognition of the limitations of the concept. 

From Reference 5-16, for the case of rectangular 

waveguide 


Z 0 (V,I) 
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(5-2) 
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where a and b are the width and height of the waveguide, respec- 
tively. Similarly, 
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Z 0 (W,I) = |^ 2 a = | 2(V,I) (5-3) 

2o(W,V) = ~ 2 a = | Z(V,I) (5-4) 

For a given guide, all three definitions are equally valid (or 
equally arbitrary), and a single definition should be used 
consistently. 

A problem occurs, however, at the junction between two 
transmission media. Assuming that a unique impedance match does 
exist at the junction, a question arises as to what definition 
should be used if one line is a waveguide (or finline) and the 
other is, for example, microstrip. A reasonable approach would 
be to establish whether current or voltage is the more readily 
calculable at the junction and use that definition [5-18]. For 
the case of the microstrip/slotline or finline junction, the 
power-current definition was chosen as the more appropriate. All 
computations were carried out in power-voltage and subsequently 
transformed by the constant ( n/4 ) 2 [equations (5-3) and (5-4)) to 
power-current. Although this constant was derived for rectangular 
waveguide, it was assumed that it would be approximately correct 
for finlines and slotlines. This assumption is supported by 
Cohn's observation [5-4] that a 50— fi coax line matches well to a 
7 5 -ft (power-voltage) slot line. 

Figure 5-50 presents the transmission properties of fin- 
line on 0.635-mm (0.025-in.) beryllia centered in rectangular 
WR-42 waveguide. The parameters, which are included, are Z 0l 
JVgAo / and of . 




5.7.2 


RECTANGULAR WAVEGUIDE TRANSITION 


The rectangular waveguide transition consists of a three- 
step K / 4 transformer and a balun which converts the balanced slot- 
line to the unbalanced microstrip. Figure 5-51 illustrates the 
balun and gives an equivalent circuit. The length, £, is normally 
K/4 r at the center frequency, but in this case it is slightly longer 
to resonate out the bondwire inductance. 

Tne circuit was modeled on Super-Compact by using a TEM 
approximation to the f inlines and slotlines. Therefore, the re- 
sults should be considered valid only in the vicinity of the cen- 
ter frequency. Figure 5-52 is the Super-Compact circuit file, 
and Figures 5-53 and 5-54 are the calculated return loss and in- 
sertion loss, respectively. The predicted return loss is better 
than 20 dB around 19 GHz, and the insertion loss is in the vicin- 
ity of 0.5 dB. Note that this figure includes the loss of the 
microstrip line (-0.35 dB) and both input and output transitions. 

Figure 5-55 4 s the measured return loss and insertion 
loss of the same circuit. The insertion loss is approximately 
1 dB over the 18. 5-19.5-GHz range. This includes 0.4 dB for the 
50-0 line that simulates the MMIC module, plus the input and output 
transitions, which are 0.3 dB each. The return loss over this 
same range is better than 15 dB, and is about 25 dB at 19 GHz. 

The isolation between input and output was measured by 
removing the input and output ribbons. The resulting coupling, 

-30 dB, is caused primarily by leakage through the waveguide be- 
yond cutoff in the vicinity of the 50-0 microstrip and is illus- 
trated in Figure 5-56. Figure 5-57 is a photograph of the 
disassembled rectangular waveguide transition. 
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( a ) Drawing 



(b) Equivalent Circuit 


Figure 5-51. Simple Microstrip/Slotline Baiun 



ORIGIN®” 

OF POOR QUAUl < 


LAO 

TRL 1 2 Z 280 E .1 F 19GHZ A .05 
TRl 2 3 Z 149.31 P .112IN K 1.93 A .84/IN 
TRL 3 4 Z 74.9 P .096IN K 2.60 A .09/IN 
TRt. 4 5 Z 62 P .097IN K 2.78 A .12/IN 
SST 5 8 Z 62 P . 119IN K 2.78 A .12/IN 
IND 5 6 L .2NH 

TRL 6 7 Z 50 P .236IN K 8.3 A .7S/IN 

At2P0R 1 7 

END 

8LK 

A 2 3 

A 4 3 

BtEPOfi 2 4 

END 

FRFQ 

STEP 15GHZ 25GHZ . 2GHZ 

END 

OUT 

PRI 8 S R1 280 R2 280 

END 

OPT 

3 F 19.5GHZ 20GHZ 
HSU -40DB LT 
END 


Figure 5-52. Circuit File Used in Analysis of Baiun 
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5.7*3 


SQUARE WAVEGUIDE TRANSITION 


The purpose of the square waveguide transition is to 
allow selective coupling to one polarization while appearing 
transparent to the other. The dual-polarisation lens element in- 
cludes of two single transitions oriented orthogonally to each 
other, as illustrated in Figure 5-47. Each substrate contains a 
printed circuit that allows coupling to either a vertically or 
horizontally polarized wavefront, but not to both. A single such 
transition is shown disassembled in Figure 5-58. The beryllia 
substrate is 25.4 x 12.7 mm (1.0 x 0.5 in.) and is centered in 
the 9.65-mm (0.38- in.) square waveguide section. A pair of spring- 
fingered beryllium-copper rails are mounted on the edges of the 
substrate to make contact between the gold metallization of the 
substrate and the waveguide walls. The rails fit into a milled-out 
step and are clamped in place when sandwiched between the top and 
bottom halves of the housing. 

Previous work [5-17] , [5-19] using an antipodal (two-sided) 
f inline structure, had the drawbacks of coupling to orthogonal 
modes and poor access to the ground plane at the MMIC mounting 
location. The present design allows mounting of the MMIC on the 
surface of a metallized dielectric substrate, giving good contact 
to ground, while contact to input and output is made by gold rib- 
bons or wire bonds. The pattern is etched on only one side of 
the beryllia substrate, the other side is blank. The pattern con- 
sists of a waveguide-to-MMIC-to-waveguide transition made up of 
three sub-circuits, a four-step f inline transformer, a slotline- 
to-microstrip balun, and a vertical septum (on which the MMIC is 
mounted) that divides the waveguide into two sections of guide 
below cutoff. Since the circuit is virtually coplanar, it lies 
on an equipotential surface for a horizontally polarized electric 
field and appears transparent to that polarisation. The parasitic 
reactances associated with both vertical and horizontal septa have 
been neglected here. 


V 
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Calculation of the thermal resistance of the beryllia 
substrate indicated a value of 5°C/W. For example, for a 0.25-W 
amplifier operating with a gain of 4 dB and an efficiency of 
20 percent, this would result in a temperature rise of only 3°C. 

Two square waveguide cross sections were evaluated. 

The first was 10.7 mm (0.42 in.) square, and the second was 
9.65 mm (0.38 in.) square. The choice of the 10.7-mm (0,42-in.) 
waveguide was based on the ease of tapering to standard WR-42 
waveguide and the reasonably low cutoff frequency, resulting in a 
moderate characteristic impedance. 

The characteristic impedance of rectangular waveguide 
is given by [5-lb] 

Zo(V,I) = (5-5) 

2a Vl - (f c / f) 

For the case of a square waveguide a = b; therefore, 

Z 0 (P,I) = 2- Z 0 (V,I) = — , * 2r| (5-6) 

4 8 Vl “ (f c / f)2 

Z 0 ()?,I) = =g= — = (5-7) 

8 Jl - (A 0 /2a) 2 

Equation (5-7) is plotted at 20 GHz in Figure 5-^9. 

Note that Z 0 increases as a is decreased and asymptotes to 465 fi 
for large a. At 10.7 mm, Z 0 is 650 Q, and at 9.65 mm it is 750 Q . 

Figure 5-60 illustrates the computed propagation charac- 
teristics using a 0.635-mm beryllia substrate as a function of 
the relative gap width. 

Accurate design of a multistep f inline transformer net- 
work depends on an accurate knowledge of propagation character- 
istics, including effective dielectric constant, characteristic 
impedance, and losses. Although some data are available in the 
literature, little is applicable to the materials and geometries 
chosen here. Therefore, a separate effort was undertaken to write 












a computer program that could be used to calculate the effective 
dielectric constant and characteristic impedance of a generalized 
f inline structure. At the beginning of the project, however, this 
program was not yet available and design data were based on approxi 
mation and the interpolation of existing data. Figure 5«61 is a 
photograph of the original transition, designed for 10.7-mm 
(0.42-in.) square waveguide and incorporating a coplanar waveguide 
(CPW) 50«fi transmission line section between input and output net- 
works* The CFW section was subsequently replaced with an equal 
length sec-cion of 50-fi microstrip line on 0.3-mm (0.012-in.) GaAs 
to more accurately simulate the MMIC circuit that would actually 
be used. The only tuning element on this circuit, and in all of 
the circuits to be discussed, is the length of the short-circuited 
slotline stub, which is in parallel wr-h the microstrip input and 
output. This length is nominally 90 degrees at the center fre- 
quency, but is extended to about 115 degrees to tune out the bond- 
wire or ribbon inductance. 

Figure 5-62 is a plot of insertion loss and return loss 
for this structure. The total insertion loss, which includes the 
loss of the microstrip section, is about 1.0 dB over a 1-GHz band- 
width centered at 19.0 GHz. The loss of each of the two transi- 
tions is about 0.3 dB. The return loss is better than 14 dB over 
this range. However, the predicted insertion loss for each indi- 
vidual transition is about 0.15 dB, and return loss is better than 
20 dB over a 25-percent bandwidth. The poor quantitative correla- 
tion with experimental data is believed to result from the follow- 
ing problem areas: 

a. finline transformer discontinuity effects, 

b. poorly defined characteristic impedance, 

c. dispersion effects, and 

d. surface roughness of the beryllia substrates. 
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Figure 5-63 is a plot of the vertical-to-horizontal mode 
conversion for this transition* Over the operating band, the 
vertical-to-horizontal ratio is about 30 dB? however, outside this 
range, and especially at the high-frequency end, several high Q 
passbands appear. These may be attributed to the presence of high- 
order modes that are excited by asymmetries in the structure. 

By using improved finline data for both characteristic 
impedance and effective dielectric constant, a new four-step transi- 
tion was designed for the 10.7-mm { 0.42-in.) housing, and a new 
design was begun for a transition in 9.65-mm (0.38-in.) square 
waveguide. The latter design was based on the hypothesis that 
vertical-to-horizontal ratio could be improved by raising the 
cutoff freguencies of the higher order modes mentioned above. 

Figure 5-64 is a drawing of the revised 10.7-mm 
(0.42-in.) transition. Table 5-4 gives the pertinent dimensions 
and electrical parameters (the section numbers are defined later 
in Figure 5-67), and Figure 5-65 is a plot of the measured inser- 
tion loss and return loss for this structure. The total insertion 
loss is about 0.6 dB, which is close to the predicted value, and 
the return loss is better than 15 dB over the 18 .2-19 .6-GHs fre- 
quency range. Vertical-to-horizontal mode conversion is plotted 
in Figure 5-66 and is poorer than in the original design, probably 
because of mechanical imperfections and uncontrolled field fringing 

Table 5-4. Characteristics of 
10.7-mm (0.42-in.) Transition 
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Figure 5-67 is a drawing of the transition that was de- 
signed for the 9.65-mm { 0.38-in.) housing. Table 5-5 gives the 
dimensions and electrical parameters of this transition, and Fig- 
ures 5-68 and 5-69 are the calculated insertion loss and return 
loss for this structure. Tuning of this circuit proved to be dif- 
ficult. Although good insertion loss and return loss were pos- 
sible, the bandwidth under these conditions was only 1 to 2 percent 
far below the expected value. 

Table 5-5. Characteristics of 
9.65-mm (0. 38-in.) Transitions 


Section 

Z(F,I) 

<Q> 

W 

(mm) 

Z 

(mm) 

1 

585 

9.40 

1.60 

2 

303 

4.06 

2.82 

3 

101 

0.71 

3.07 

4 

62.7 

0* 

H 

* 

o 

2.36 


The primary difference bevween the 10.7-mm (0.42-in.) 
and the 9.65-mm (0.38-in.) transitions was the difference in char- 
acteristic impedances, especially at the large gap extreme. Under 
the assumption that the problem was caused by incorrect impedance 
levels, the 9.65-mm substrate was replaced with the 10.7-mm sub- 
strate (revised). Performance improved significantly. Fig- 
ures 5-70 and 5-71 are plots of insertion loss and return loss 
for two different transitions that were assembled. Except for 
resonance at just above 19 GHz, which was traced to the two dual 
tapers used to transform to WR-42 waveguide, the insertion loss 
and return loss are quite got-d. The reason for the difference in 
1 1 s two transitions is that one was assembled with bondwires be- 
tween the MMIC and the substrate and the other was assembled with 
ribbons, thus giving a lower inductance in series with the input. 
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It is apparent that problems still exist in vertical-to-horisontal 
isolation and are probably caused by asymmetries and mechanical 
imperfections in the substrate assembly and housing. 


5.7.4 3 -WAY POWER COMBINER 

As discussed in Subsection 5.6.1, Configuration C requires 
three independently scannable beams. This capability necessitates 
the use of a phase shifter for each beam, a 3-way power combiner, 
and a power amplifier. With the techniques developed under the 
present contract, it is possible to combine the five chips (the 
power amplifier, the 3-way combiner, and the three phase shifters) 
on a single motherboard coupled to rectangular waveguide. Fig- 
ure 5-72 illustrates a possible configuration. 

The circuit pictured in the figure differs from the MMIC/ 
waveguide transition discussed earlier in several ways. A tapered 
rather than stepped f inline transformer is shown, a broader band- 
width balun is used, and several functional modules are combined 
on one motherboard. 

The specifications for the MMIC power amplifier and phase 
shifters are defined elsewhe **e on the basis of system operational 
requirements. The 3-to-l combiner, however, should meet the re- 
quirements of low loss, small size, and good isolation. Several 
circuit configurations could be used [5-20], but the best candi- 
date appears to be a single quarter-wavelength radial [5-21] or 
tapered [5-22] N-way combiner with resistive loading, as shown in 
Figure 5-72. The small size of this structure at 20 GHz makes it 
a good choice for a drop-in component on the motherboard. The 
substrate material for the combiner could be fused silica. The 
isolation between the three inputs should exceed 20 dB across the 
operating band. 
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5 . 7.5 


CONCLUSIONS AND RECOMMENDATIONS 


Several conclusions can be made at; this point with re- 
gard to the planar f inline transition, in both rectangular and 
square versions. First, the advantages of this type of MMIC 
mounting technigue have been demonstrated. Electrically, the 
transition will couple energy with very low loss and over a broad 
bandwidth from waveguide into an MMIC or MIC circuit. Mechani- 
cally, it provides a single-piece, rugged, and easily reproduced 
module that can be produced inexpensively. And finally, the use 
of beryllia for the substrate material allows for a low thermal 
resistance structure. 

Two areas need closer investigation: the characteristic 

impedance of f inline and the step discontinuity effects. Without 
a firm understanding of these problem areas, the designer must 
use approximate or cut-and-try techniques, or rely on relatively 

t 

long tapered sections which will increase the size of the 
transition. 

Of the two forms, rectangular or square waveguide, it 
appears that the square structure will require considerably more 
development effort to become competitive with an OMT, at least in 
terms of cross-polarization performance. The use of a pair of 
rectangular (single polarization) transitions with a coaxial or 
microstrip RF power division or manifold structure coupled to an 
OMT appears to be the most promising approach at this time. 


5 . 8 PHASED ARRAY THERMAL CONTROL 


The thermal control effort of this study was concentrated 
on investigating techniques of extracting the heat generated in 
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the feed amplifiers and transporting it to a major spacecraft heat 
rejection surface. To accomplish this, the following assumptions 
were made regarding the spacecraft’s heat rejection system: 

a. The prime heat rejection surface (thermal radiator) is 
located remote from the feed array network. 

b. The feed array’s generated heat is transported to this 
radiator via a forced cooling loop whose design is not part of 
this study. 

c. The amplifiers are designed to be mounted to a 0 to 70° C 
heat sink (reference the Statement of Work for 20 -GHz transmit 
module and GaAs power amplifier). This means that the temperature 
gradient between the cooling loop and the amplifier must be 
minimised. 

Initially, a passive technique of cooling the feed mod- 
ules was examined. However, with the large power densities of 
the feed modules (0.775 to 1.55 W/cm 2 ) , it became obvious that 
passive radiative cooling would be inadequate. Figure 5-73 shows 
the feed module temperature as a function of heat dissipation per 
unit area for an ideal radiator with no incident sun. As can be 
seen, to achieve a radiator temperature of 70°C, the power density 
cannot be greater than 0.078 W/cm 2 (which is far less than the 
expected range of feed module densities). 

Several active feed array cooling techniques were in- 
vestigated during this task. The one with the most potential at 
the present time is a heat pipe/fluid loop combination. This 
thermal control concept is illustrated in Figures 5-74 through 
5-76. The heat generated in the amplifiers is transported to the 
fluid coolant loop via heat pipes attached to each waveguide sec- 
tion containing an amplifier chip assembly. The fluid loop then 




TEMPER/ 



Figure 5-73, Passive Radiation Cooling of Feed Array 
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carries the heat to the thermal radiator for rejection to space. 
With this concept, the heat pipes isothermal ize the feed array 
and thus minimize the temperature gradient between the chip and 
the fluid loop. 

The amplifier chip is mounted on a beryllia substrate 
to distribute its 2.83 W of generated heat. This chip is attached 
to the waveguide, as shown in Figure 5-76. An analytical thermal 
model of the substrate/waveguide assembly was developed assuming 
a bonded joint at the interface. It was found that the temperature 
gradient across this bonded joint was about 25°C, whereas the gra- 
dient in the substrate was only about 15°C. This interface be- 
tween the substrate and waveguide can be improved by brazing, which 
would reduce the temperature gradient across the interface to about 
9°c. The temperature gradient from the waveguide to the heat pipe 
vapor is 2.8°C. This means that, with a 70°C fluid loop tempera- 
ture and utilizing a brazed joint, the amplifier chip will be about 
97°C (70 + 2.8 + 9 + 15). This is well under the allowable chip 
temperature of 150° d. 

The heat pipe transport capability limit will allow 48 
amplifier sections (136 W) to be connected to any one heat pipe 
(this is a grooved aluminum heat pipe with ammonia as the working 
fluid). By coincidence, the physical layout of the feed array 
network has 24 elements in-line. This allows one heat pipe to be 
utilized in distributing the heat generated in two rows of ampli- 
fier elements to the forced cooling loop. In addition, reliability 
considerations will probably require a redundant heat pipe at each 
location (not shown in figures). The heat pipes considered for 
this application have an extensive flight history, having been 
developed by NASA-GSFC in 1970 and flown on ATS-6 and other space- 
craft with no failures. 

As presently conceived, all the heat pipes will be in a 
common plane. This will permit a valid ground thermal vacuum test 














6. CONCLUSION^ 


The results presented in this study substantiate, by 
analysis and hardware demonstration, the feasibility of phased- 
array-fed dual -reflector systems with distributed power and phase 
control. The conclusions drawn from this study are based on a 
detailed examination of two multiple scanning spot beam and two 
multiple fixed spot beam designs. 

The two multiple scanning beam antenna designs that were 
developed utilized a 576-element phased array, but differed in 
their feeding systems z one was network- fed, incorporating both 
amplifier and phase shift modules, while the other was space-fed, 
using only the variable amplitude module. Both designs provide 
six simultaneous scanning beams and, with an appropriately sized 
main reflector, are capable of meeting all the isolation and 
e.i.r.p. requirements specified by NASA. 

A comparison of the two approaches clearly showed that 
the space-fed array or lens offered a simpler beam-forming design; 
however, phase errors introduced across the radiating aperture 
contributed to both mispointing and gain loss. The network- fed 
phased array, which is more complex, has the advantage of pro- 
ducing precise amplitude and phase distributions to the radiating 
apertures and, hence, achieves lower scan losses and accurate 
pointing . 

Both the bifocal and quadrufocal configurations were 
analyzed to select the best lens design. This analysis revealed 
that the bifocal lens has less scan loss over a half space than 
does the quadrufocal design. Expressions for the optimum feed 
locus for both designs were derived. Previously, the primary feed 
elements that illuminate the lens have been placed on a plane. 

This study showed that a feed placed on the optimum feed locus 
could achieve a higher gain for a fixed-scan direction. 


For the multiple fixed spot beam configurations, both 
network-fed and space-fed 576-element phased array designs were 
considered, in addition to a more conventional focal -region- fed 
Cassegrain system which utilized 9-horn clusters to generate the 
fixed beams* All designs were capable, with an appropriately 
sized main reflector, of achieving the isolation and e.i.r.p. re- 
quirements desired by NASA* Of note was the Cassegrain design, 
which used an undersized 2*76~m (9-ft) reflector but was still 
able to achieve 30 dB of co-pol and cross-pol isolation between 
Boston and Washington by optimizing the feed element, feed loca- 
tions, and excitations. This configuration also has a relatively 
simple beam- forming network when compared to the corporate-fed 
configuration, which becomes quite complex for 18 fixed beams. 

Several key hardware elements were designed, built, and 
tested during this study* One of these was a waveguide- to -MIC 
transition, which is a critical element in systems that use dis- 
tributed power and phase control, since energy must be transitioned 
into and out of the MMIC circuit efficiently. The new design 
showed good performance over a 1-GHz bandwidth with a maximum in- 
sertion loss of 0.3 dB. The transition was designed in both rec- 
tangular and square waveguide. A wideband design that can operate 
over the full 2,5-GHz bandwidth was also considered. 

A phased array element and a lens element, both incor- 
porating the waveguide- to-MMIC transition, were also fabricated. 

The phased array element consisted of a square pyramidal horn, an 
OMT, and two rectangular waveguide-to-MMIC transitions. The lens 
element consisted of two square pyramidal horns and two square 
waveguide«to-MMIC transitions. For the dual -polarized element of 
the phased array, the rectangular waveguide transitions are con- 
nected to the two arms of an OMT that feeds the radiating horn. 
Cross-polarization isolation is also provided through the OMT. 

For the lens element, the square waveguide transition must offer 


n 

is 
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good isolation between the two orthogonal polarizations. An iso- 
lation of over 30 dB was measured across a 1-GHz bandwidth for 
the present design. Measurement of return loss, insertion loss, 
and isolation all showed good results for both elements. 

The scanning performance and mutual coupling effects of 
the phased array were demonstrated through measurements. A 
34-element array with eight excited central elements was assembled 
and tested for both polarizations. The measured scanned array 
pattern followed the embedded element pattern in both the E~ and 
H-planes. Although element- to -e 1 ement mutual coupling was small 
for the size of element fabricated, the cumulative effect on the 
radiation pattern was significant, especially for edge elements. 

In conclusion, this configuration study demonstrated 
the performance achievable in an array- fed multibeam dual- 
reflector system. The information provided can serve as a data 
base for future work in this area. The results obtained demon- 
strate the advantages of using distributed power and phase control 
via MMIC modules, as compared to conventional systems, when high 
efficiency, high e.i.r.p., and rapidly scanned multiple beams are 
required. 
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APPENDIX A. MEASURED ELEMENT PATTERNS IN ARRAY ENVIRONMENT 


This appendix contains plots of the radiation patterns 
measured for different elements in the 14-element array shown in 
Figure 5-17. The elements are horn 1, representing an edge 
element; horn 10, representing a central element; and a single 
horn representing an isolated element. Both vertical and hori- 
zontal polarizations were measured for horns 1 and 10; and 
E-plane patterns, H-plane patterns, and 45° cuts are included for 
all three elements. Co- and cross-polarised patterns are shown. 
The measurements were performed at 11.7, 11.95, and 12.2 GHz. 

Figures A-l through A-12 show the measured patterns for 
vertically polarized edge element 1, as follows: 


® Figures A-l to A-3 show the E-plane patterns at 11.7, 
11.95, and 12.2 GHz, respectively. 

® Figures A-4 to A-6 show the H-plane patterns at the 
same three frequencies. 

© Figures A-7 to A-12 show the 45° -plane patterns at the 
three frequencies. For this plane, the co- and cross-pol pat- 
terns are shown on consecutive figures for each frequency. 

Figures A-13 through A-24 show the measured pattern for 
horizontally polarized edge element 1, as follows: 


® Figures A-13 to A-15 show the E-plane patterns at 11.7, 
11.95, and 12.2 GHz, respectively. 

® Figures A-16 to A-18 show the H-plane patterns at the 
same three frequencies. 

© Figures A-19 to A-24 show the 45° -plane patterns at the 
three frequencies. The co- and cross-pol patterns are shown on 
consecutive figures for each frequency. 



Figures A-25 through A«36 show the measured patterns 
for vertically polarized central element 10, as follows: 

© Figures A-25 to A-27 show the E-plane patterns at 11.7, 

11.95, and 12*2 GHz, respectively. 

• Figures A-28 to A-30 show the H-plane patterns at the 
same three frequencies. 

• Figures A-31 to A-36 show the 45° -plane patterns at the 
three frequencies. For this plane, the co- and cross-pol pat- 
terns are shown on consecutive figures for each frequency. 

* 

Figures A-37 through A-4-8 show the measured patterns 
for horizontally polarized central element 10, as follows: 

® Figures A-37 to A-39 show the E-plane pattern at 11.7, 

11.95, and 12.2 GHz, respectively. 

® Figures A-40 to A-42 show the H-plane patterns at the 
same three frequencies. 

© Figures A-43 to A-48 show the 45° -plane patterns at the 
three frequencies. For this plane, the co- and cross-pol pat- 
terns are shown on consecutive figures for each frequency. 

Figures A-49 through A-60 show the measured patterns 
for the isolated element, as follows: 

© Figures A-49 to A-51 show the E-plane patterns at 11.7, 

11.95, and 12.2 GHz, respectively. 

© Figures A- 52 to A-54 show the H-plane patterns at the 
same three frequencies. 

® Figures A-55 to A-60 show the 45° -plane patterns at the 
three frequencies. For this plane, the co- and cross-pol pat- 
terns are shown on consecutive figures for each frequency. 
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Figure A-2. 

E-Plane Pattern for Vertically 
Element 1 at 11.95 GHz 

Polarized 


f .*£ 

cn cn tra a cm a 

n 

en cm cm a cm 

a “j rm rr 

3 C3 L=! 





M 








.‘MIIIIIHHIIMIIM'IUmill'tlMMIIoiHIMr. 


iEsISS iinnw - 


m it 1 1 1 m * i » 1 1 1 11 1 1 1 1 1 ii 1 1 » m i ri u i mi fu m rt*4 i i mwih mi MM iumi m mm mn' aSaSSiiiiM 

....... -t'-'-HlMIMMliriMIIMBIMIliB W'fM Tf T fl I I ■ Fr 1 


iiiijmitniiitiimimiiiiiiiujuiimflwijnilkmmrniiiiifiii nummutul Sm! 

!!!«* 


HvS 


llllllltll Hill Hill IIIIIIIIllliiniltllllllllllHHIIlIHUIIIIIIIUI mil lUflliHIMIHIIIIIIIIHinn. :: ; ;if* * MllM * 1 *W imi Ulftll1MHIIH|| 

Hill uim mm m iimmiiimimii—iiin pin Httimiiim i ni ii iiM.nin.il. ...... ... h imm.m*' ■ ?l mfi imo rmwii nm 

mmiiii in I iiiiiiiiuiiiii!iimiH:"!"i!!..n!M!!..!..n!!!H!!!!!!!!l!l{f!!!! |"^niimiiMiimnMm«maiiaiiniiimii 

:::::: mimmiuiimiiHiiiiiiiiiiiii 

iiiiiiiimnmMn'^S^'tmiumMm 

nrtmiiiiiiisKSffiMtsswysss!:: 

.ftiiiiiiiiiiiiimiiuiniiiimiiHiiminmiHiiinHiMHimiiuMi 

^:i.^:^i^KKissi:rssK.^sssBsa;saaK:; 

iiiimiinui mu imimHiiui mu him iiwion hid nsmstii wit i 
iiimiiiiiiiHiniiiiiimMiHiiiitiiiiHmmHimiianiiiHnimii! 
mri.uim mm iiiiiiiiiiihii.hu niMimi mo m-MtHMm...n 

m 

imnHmmmimiign'ninmiuimllflSiKn^^l^ii^^ia^a^ Sia ia B SSSSaSaa 


ii iiiii mu 111111111111111 tiiniiiiiiim mi i iMiiinii miii i min iiMiin" 
ii ihii mu uni iiiiiitiiiiiiniiiii mu mu miiiiiiiiificmmM*' ..«j ntimiiii 
•min uni uni tin i mu mu ihiiiii mini imiiiniiNiii** ! !!h uiili itittim!! 

iiiiimiimiiiiiintiiii ihii jiiMiiiiiHiiiiiim* r . 4 iiiii milt**”"'” ! 
mu iiiiiiiiinimiiiiii iiiiiiHiimiiiii hm'., huiiiiii nun 
iiiiMiiiHiHiiiiiiiimiiniiHiimm«*:.iiitiiHfliiniiiiiu 

.iiiimiiMiiiiiimniiiiiHii ........... 

tmiiuirMimiiiiimiimiriinmiHmtmniiii' 


iiiuiiiiiniiii 
'•mnmnmii 
•••Ullltlllllll 

iimirimm- ;iiJS{j!i"! 

lidiiiiiiimtmiimiiimit 


min 

"f * .niutmmmHnitiiiiii 

^asaSa sfesa 

’HUnjmNWMHlHIlHIIIIII Li 




mni&liTniittlSm 5SJ5SSmnKKK!»m m 


uitiiiiiimtftmti ’i 
miiiimmiimiiii 


mmmmm 

" mi mil him mini, .iinimirmi 

HiiiiiiHUiiiiimtiiHiiiiii.'iiniuiNfl 
mmimilimim mm mum. -miiiiH 
imimiiiiiiiiiiiiiiiiHliniiraii.. 1 :;:- 
uiminiimimititmiiiiimiiniiii. 



HimimumiHiimiimmiittmiiiiiiii 
............ njHHHimumiHuiuuuim 


IS": 

sssassaSisSBMSS SSBBB^^SSS>sssSSS 3 SSIBBSS 


iiiiimuifiil 

;ii::::»::::iiRKJ!a(::iK:Kraa!:K::s:s^iBSfflsassa!K^a:::syi^: -^SK^^ sSHreEsKssSaS :Ki:ss!l:|!ii: "“' - 

...n.... .mi nnim,i mu mil inn BMHmiMnn II! »nnnmniiniiiwiminKinimmniiiiiniiiim- ■■ 

HiiiHHiiiiiiHiniHHHHlHiiiniiiHinimiuiSSIwI!ml^!“Mul!!mmHHmmilHiiilI?’mEI!ir!IIJIlJfi „ '''•'[““'"““'"HB'Hnilliiiinii;.'' 1 

ininiHiHiiHiiiiiHHHmiuHHiiiitinMiniiiuimmMiHHinui»iiHHuuiiiuiiiiM«ii!Mi!rMi>i>! U 'n!JmHm! jiHimiiMinimiiiiiriimHiitHlti' 

Hill mu ■uiniiiiniimiiiMinMmHBiiuiHm^iiM^m!^ nMn!S!SSfl!Si!!S!n n. ^“•^•““““•"'“••'mHiiHiniim 1 , 

i^iiiaiiiiBaiiiiiiiiia^gaasigias^gaiSiiSiSMgggig jfgm gga^ MS^S^m gsaBasaaaga;^^:^ 

sssass^ig^BBBHi f , 


JMMIMI 









I is££=---cs--Si-SE-=S--—-S-o=53£S-=-sEc=lS== ==i=== = E=== = i====== = = = ====£==;=E===i = S = = = = ==== = I = = = = : = = E :=!== = EE: j 

iiSiiiiii 




3 Sii]ii!i(lUSii(iiliililiIiIIi^iIIiiiiilI!!iiiiilgIiliiir!lllgiiiiiiii2!iiIIiiiiI113liiisii|igili! 
iilliiipSiissilSlIIlilSilsillglirjiiliiiliiiliiliillllliiiilillSv'HilliiiiiiisiiiiasiBiiaSliiiiS^siiiSi 

5£=B=3=S=5E=5a53SE5£E=JaE=£Er 


liSInli'iiiil 

liieigllilliiliSiliill 


i|iia 

imm 

sin! 


■ 


illliil 


iliiliiisiiiimi 

g SitlSIIlliliilillllillilifi 
1 ligiiiliiiiilliilliSIHIitfi 


miiSfiiNiiiiiisii! 


liHi iaHiiii 
[SiiiHH 


iiifiiiii 

liiiiiiii 


I riitr: 



§311 

iiil 


■ili iiliilliiililllllkllliilllllllilliSislIiisIIillililili 
If p I iiiiiiiilliSi 


imiiHIU 

I iiilIiiiIilIiII3Sliiiiii?&giiiiBIISI|SSipiI^liii» 

SMMMMMMMMMmnnuivmmvmi iilfaliiti 


i 


iiiHSilH!! 


iiil 


Illjj 


SHlIIII 



illliiiiillllliilllllllililHIIii 
irillsilliiilliiiiliiiiliiliiliililliiiilS 


illliil 

HliHflilll 


II 


lily 


llilliil 


1111 


uni 


illiii! IlilllHIli 

■■umiiH 


gi|i 

J llfliiil!ifiil 
iiil iililiiliiiiii 
iiil iiiiiHlisiH! 

III! Illlli IIISifiiriiiiiiiiHiiiHHiiiiiiiUiSiiiiiiimni iililiiliiiiii iimiiiikiiii 

in i wmmmBBm mmwmm 

liliMlilif 



m 


Figure A-7. Co-Pol 45°-Plane Pattern for Vertically 
Polarized Element 1 at 11.7 GHz 
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Figure A-12. Cross-Pol 45° -Plane Pattern for Vertically Polarized 

Element 1 at 12.2 GHz 
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Figure A-14. E-Plane Pattern for Horizontally Polarized 

Element 1 at 11.95 GHz 
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Figure A-16. H-Plane Pattern for Horizontally Polarized 

Element 1 at 11.7 GHz 
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Figure A-25. E-Plane Pattern for Vertically Polarized 

Element 10 at 11.7 GHz 
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Figure A-27. E-Plane Pattern for Vertically Polarized 

Element 10 at 12.2 GHz 
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Figure A-29. H- Plane Pattern for Vertically Polarized 

Element 10 at 11.95 GHz 







Figure A— 30. H— Plane for Vertically Polarized 

Element 10 at 12.2 GHz 
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Figure A-33. Co-Pol 45° -Plane Pattern for Vertically Polarized 

Element 10 at 11.95 GHz 
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Figure A-34. 

Cross-Pol 45° -Plane Pattern for 
Element 10 at 11.95 GHz 
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Cross-Pol 45° -Plane Pattern for Horizontally Polarized 
Element 10 at 11.7 GHz 




Figure A-45. Co-Pol 45° -Plane Pattern for Horizontally Polarized 

Element 10 at 11.95 GHz 
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Figure A-46. Cross-Pol 45“-Plane Pattern for Horizontally Polarized 

Element. 10 at. 11.95 GHz 


^c=3t=3at=aaair=3r=3C=]cr=]!=i“-3 




. * k\-' / 


rr3 =n □ 


\ 




<£ 


; 









lillllliliililiiiillilililillliillliilillailsIiSIi 


ISSSaiiiliiilalllliliiillllisiillilSiiilllllifillS 


i!iliilll l8!lillIilliil!gl8ISIii8 i 
I illilllillislliiaiiiilll 

WWWWW!fiSI311iIHilI8ii88l8IM 

lllIlSgillilllillHilillllliilsIl ilijll 

laii!8iliislIIIIgIISgiail!iaiiig5liiin!8] 

aiiiiHiiyisislllllIgilSis Illliiiiil 

■ iifdSiiiiiiiiiiimniii' ' 







■Hi! 


liiiilliiglililH iil HlI 


lisiuummn 

H mvmmm 
mnnrmm 

iBSiyiiiiisiialHHH 
igiiisisiiiiisii mmm 
8 i!i!iifiliIIi!FiaiSllllSJ 8 li I 
mmnnniummmm i 



si 

Iffii 
huh s 


ill 

Ml 

I 


I 


m 

Hill 


liiHlIllllllfillilil 


i 


i I 


llllllf ilililiiliiSIlliilii: filiiillil 
MliMIIiiliiliillliillili iiiliiill 
mV iiiiiiiiilllliilliiliiii hlllllll I 

JiliWUPP 11 llillil 
kiSiS&aiisIsiiiilliissiiiiliillk. mill 


iiiiiiiisiiiiiiisiiiiiiiiiiii 


r . 


iiiiii 

Anm 


sis 


ills: 


si 


ns 


sis 



iiliflf 
minim 
miiiil! J 

lilflfiiiiuil 

Ilii llir ’ 


lllHlilgBIgSIllIliiliBliil— 
lllllIi§iSlSsfll9iiSII!8l| 
liiSlSliilIlIllsiiSi|ini 

liSIliBilSSiiiiliiiillilll 
Ilimifllillliilli iilliS 
iiSlliiimiiliiiSa 
lilliliilliiillii 


ii 



“Iiiiii 
Hill 
iiiiiiil 


Ilii 


IISSHiiiiliilll 
ISIsialiliiiiili . 
imiilSiPiliiiil 
IIISElf laliillii 
IlllliliiiliiilS 


II 


s 

I 



SI! 




Iiiiii 


i 



iIiisH=i£iiUi==iiiiiisiiisiiiiiiiiiiiiiiiii*siiiiiiiiiEiii?iiiii§iiiiiiisiiiiiiiiiiilliiiiiliiiiliiiiiiii| 


5 r r=r 52r S=5?ii3r533a=Er HcE525r<?ia==53E ct crS*SSSarst=» t±ao^ iair^Trrca fcj 

E55;S|l??3Sfl5SZCSCS 


.iililllllliiiiliillllllillilliililiiilli^IIiillsiiilllilliiilhlllilllillilllllliiiiilHIIiilillliiiiiii 


MMiiHilftiaililiglliggilgiiilHIfjiiilllHI 
h lijiiiiillllliiiilgililliilggg'iiSiSIl 

mu 


!iigiigiIlIii^Ii!liIIiIsgl9!iigiiglS!iiSIglg!ISigIEi!l 


ggiSSiiiiiili 


iiilililiillgiiii! 


iiiiimiiiimiii 

lilillllllMgli ! 

S 


liililgilggilSillilillliigilNiiiigi HIlil 


liihiiiiiiggiiiiiigiEiiiiiiigiiiliigi 




m 


(imilliiiiSlII 


i 


iiiiiii 

■III! 


Jiiiillilj 

illiilliS! 


ill! hi: 


llliiiiliillgiiiglii r iiiiaig|glililllll^lgfli 


M BMW 


ipiyiiil iliiililiilililiilM 
lflilllll^=!l!sl!l!llilll|gi 111 


iiiiiiiiliBgiiiiiiiiiiiiiji 111 
iiiiilliiiiiliiiliilillllll III 


II 


ilii lililiiiiliiiHiiiiiiiliiiiilil 


Hi 


iPFlilggliPsmi 

Vik.'i.! 






I 1 ! I I ji X= = = = 

! s! >>i = ==* 


1! 


:3 ?5 


rimv 1 


U i 




isifrim 


II 


Lis. 


mi.V .n 


il 


Uk! 


ilif; 



mmm 

lilliill 

Iff!! 

illisii 
llliil! si 
iSiSlIIlllC&lIiiiilil 
muiyiisiiiyiii 
iiiqgiKilliiliss 


iiiiiaiiliiiHiif 




isisiariiiflgHiisiilil 

!iliy! 8 !i!!!ii!!i!!l 
HilHilljlii! 

ias^Slfl Isy iilSIIlHiHliliSai I 

■■■■■iriiiisisasiSiiiiys i 
(sMilliiiiflliHilai 1 

li jgggf If silllllliigli 




2 ° 

^ as 

■o o 
o 5 
2 > 

O u 

E > 

H m 





illil 


mi 


iiifiiiHfliifisiifiiihiiiiiliiiiiiiiiililiiiiiiiliB 

iiii^iPiiiiillr^IiliiililiilililiiiliSIiiinilll 
iiyaiAi iililiiiiiiliiiiiiiiiii 

.Ji8SiUliii§!I F JliIiIl!llli!!!iIIiHIilSIiiiSiil35 

■e:i__z::z:: 

yiiiillilliilliliiiilllilillliillillSlflilililSillilliilllllllliiiiilii!! 


181iiIl!iiIHIIIIIiIiiIIllI!iii!IfiIIIiIIii iiillSIilililllililllillilii 

8181 

liil 


y 

83 


Is 


i 


's: : ==r 





■■■■■■■■■■ jMMHMjiMi KiKiiiiHHHHHBPHHBH 

= E= 2 EE 35 E£==££E 5 = E = Ea= = aator r .iS = c 5 e 1 511! 1 1 il* c!i 1 1 ^* 5=5 111! 1 1=1 §S 5 =111 *515! *> 


RiXiiiiiiiilliipiliiiiiiiiiiiyiiPiiiiiliilil 


HillS iliil 


ii;ll!| 

iliil 

mi. mm 

■lIPililHIIlf 1111191111 

ilBiliililiilillliiliiSililH 

iSIilllllllililll 




IlillilHlllIlIiillilSIllS 


liSBililSSiSill 
mmihirm 


i liiiiliilliliili'IIIIIiillsiiiHil 
■liililHIjllHI 

miimmivmvmmmi 


ii mmuiMum 

I lipliSilllilglll^lil 
1 IlSilSIlliilliiili 


1 lilsilliliilllillk'csMi 
iilslilsilillliillCciiailfl 
lillillllilliiilililiiiillll 


miHiiiis ImSisiiiiiiii^ii 

Silii ililliiSlIM 

mu i 


3 


:i i in hi 


SSIIS! IS! Sllliiisfiififiifm 


-jiiiiiiiiiimiiiiiif^L.,. 

! lllilis’iiilillil! 



mmmmimmu 

■fiaiisimsmmsini 

■lifiisiiimiiiiiixiBmiil 

IlllljlilllllllliiliilliiiiililiiliSilll 




_ isfUKHimmi 

lllii Iillliiii8l33l|illl!|;il] 


ORIGINAL PAGE IS 
OF POOR QUALITY 







ORIGINAL PAGE IS 
OF POOR QUALITY 



mam™ ^ 



ORIGINAL PAGE IS 
OF POOR QUALITY 




■m 


Eiiil 

isiiil 


iiiiffi 


.liSSiSfi lillll! 

Illlliilll 
lilli 


mm mm hub 

umjgm 


sills 

i!i 


lit 


m 

ill 


Hll 


!S ilin 


Ilf! 

ill 


II 




simifUi! 
if 


inn 

Ini) 

limmuiimi 

ililSI!lliiil s 

EllililiSliligiilllli 


SI 


IlillillSUiiiOillg 

lUSlliiiiiii 
IS 


mim 


lillllll 

m\m\ 


Hi 


illiiliHIilllililiilllll! 
ililliiliilliiliililillii - 


H 


IM 

lull 


11 


iiii 


jiiifr 


liliiliilfi ii 
ifflllflHlH 


issii 


ill 

ESmhs 


Sri 


ii 


lisp 
lliiiiiiil! 

liMirijj 


iillilli uf u , 
liiiiiiillllliiliiiiiik ftSHIS |i ' ttl 
Iliiiiiilllillliiilliii - l T ii ! 

iiffggllllllf If ll&llllllllkii . ! lilliilHI 


i! 


i 


el . 

12 I I - 

2KII2IIH! ill! 
iliiiiliiHIfHI 
F.IIISlililiiiiililii __ 
lililliliiiililllisiiii 
ilsililliiiiiliiililiiii!! 
- ilLII81llil82iii!IiliiiIillir 


fill 




is ss 


sJl 









iEiiiiiiiiililiillilililliliiiliiiiliiiiiiiiiiiiiiiiiliiifiiiiililiiiiHiiiiiifSiiiiiiiEi iiiiiHii|Piiiil 


liiliiilliMflllllliiiiiliiiiiiiiiiiiillliiS! 

||||ui||ili|l|S5Ei8iiS3iSiiiiiiS>iiiliii Hi 




lifl 

ifliiiililil 

IIIIUISIIBS 

immm 


liiii 

nm 

mis 


ill 



if! 

ill VliillB Pi 


jiiiliiiiiia 

ilililiillllll 

ISOpiH 

iiSiliill ill 
iliinilS 

mum 

Jillflz 


gill 




Bill 


■■11181181 111 

liiiuiiui 


iiimii ;mii!iiiiiiisii 
mm iimsliiiiiiiiii 


HII11I3I8IIII 


I! 


ii 


H HM 

aiiiiiiiiiiiiifliaiiiiiiiii 

■Si3l!ll!!iil||i!i|!BM 


■in 

im 

III! 

nil 

sin 


iSllSslilglliiiisiilil 
imgiimmiiiigiiiliilHIiill 

I lliiiiillifmilllllllllli! 

lligiillsiliiiiiiillgilill 


us: 

PHI 8 Si liiilliiliiiiiliiliBlHf 

— I li mliifigiiilmiiiiisiil 

I iiiiiiigigiiiiiiimiiniK i 

8 811111111111111111111811111111 

IlliigiliiiliiiiiiiimiiiSm 

i Miba i ii iii iisiiiiiiiiBi 

l ummiiiiiii iiiiiiiiiii 


HI 

ii 

%tll!l ii 


Sill 


lllml 

Eimiiiiiiii 
lllillllHIi 

iiib 


81 


iii 

■ml 

Sill! 

HI! 


tHiiilhiiiiiiiiiiiiiiiiiiiilii 

■ iimillllllllUlllli 

kiiiimiimiMiilii 

ilsisfiiiiiiiiiillikillH 


liiii 

8881 

1111 


iig|l!il§Iillliiiiililli I lHiillUir 

MHMMMBM 


mi 
mil 


iiiiiiiiliiiiiiiiiiiiiii 


II 88 IKIIM 
IllSIlSillll 

liiiiiiiim l 

■MMiii 

iii 


in laiisiii 

1 iSHJiliiil! 
fii Ui Hill] 

18 lilimilhlHl 
HMliUSIIIIlSIlllllI 11111 

f^48Hliigil888l|8|8li|iOf 


w:m 

iiHiiii 

miirpi 

818881 III 


liiii i i 
f iii 1 I 

ildt 

IIHJ 
liiii 
Hill 




I 1 


limiiilHillililiilliillllillitjll 
IlilllliSiliiiiliiiiliililiiSilill - 


II 



III 














. 



c m n 




» ■ — #■ 


▼7 


. * 



Figure A-60. Cross-Pol 45°-Plane Pattern for Isolated Element at 12.2 GHz 
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APPENDIX B. MEASURED SCANNING ARRAY PATTERNS 


This appendix contains plots of the radiation patterns 
measured for the 8-element linear array embedded in the 34-element 
array shown in Figure 5-24. The array elements are fed to scan 
in five different directions from 0° to 20° . Three different am- 
plitude distributions were used: uniform, 30-dB Taylor, and 

30-dB quantized Taylor. The pattern cuts were taken in the plane 
of the linear array. When the elements are fed with vertical 
polarization, the cut represents an H-plane pattern. When the 
elements are fed with horizontal polarization, the cut represents 
an E-plane pattern. All the measurements were repeated at 11.7, 
11.95, and 12.2 GHz. 

Figures B-l through B-30 show the measured patterns for 
the uniformly excited array, as follows: 

© Figures B-l to B-3 show the E-plane pattern when the 
elements are horizontally polarized and equally phased to radiate 
in tlie broadside direction. The figures show the measurements at 
11.7, 11.95, and 12.2 GHz, respectively. 

« Figures B~4 to B-6 show the H-plane pattern when the 
elements are vertically polarized for broadside radiation at the 
three frequencies . 

® Figures B-7 to B-12 show the E-piane patterns at the 
three frequencies, followed by the H-plane patterns at the three 
frequencies, when the elements are excited with piogressive phase 
differences of 45° , 

© Figures B-13 to B-18 show the E-plane patterns at the 
three frequencies, followed by H-plane patterns at the three fre- 
quencies, when the elements are excited with progressive phase 
differences of 90° . 


B-l 


® Figures B-19 to B-24 show the E-plane patterns at the 
three frequencies, followed by H-plane patterns at the three fre- 
quencies, when the elements are excited with progressive phase 
differences of 135°. 

a Figures B-25 to B-30 show the E-plane patterns at the 
three frequencies, followed by the H-plane patterns at the three 
frequencies, when the elements are excited with progressive phase 
differences of 180° . 

Figures B-31 through B-42 show the measured patterns 
for the array when excited with 30-dB Taylor distribution, as 
follows : 

• Figures B-31 to B-36 show the E-plane patterns at the 
three frequencies, followed by the H-plane patterns at the three 
frequencies, when the elements are equally phased for broadside 
radiation. 

® Figures B-37 to B-42 show the El-plane patterns at the 
three frequencies, followed by the H-plane patterns at the three 
frequencies, when the elements are excited with progressive phase 
differences of 180° . 

Figures B-43 through B-54* show the measured patterns 
for the array when excited with 30-dB Taylor distribution quan- 
tized to the relative amplitude levels of 0, -6, -10, and -16 dB, 
as follows: 

® Figures B-43 to B-48 show the E-plane patterns at the 
three frequencies, followed by the H-plane patterns at the three 
frequencies, when the elements are equally phased for broadside 
radiation. 
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* Figures B-49 to B-54 show the E-plane patterns at the 
three frequencies, followed by the H-plane patterns at the three 
frequencies, when the elements are excited with progressive phase 
differences of 180° - 

To show the scanning performance of the array, the 
measured element patterns of a central element are given in Fig- 
ures B-55 to B-6G: first the E-plane patterns at the three fre- 

quencies, followed by the H-plane patterns at the three 
frequencies * 
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Figure B-3 


F-Piane Pattern of Horizontally Polarized 8-Element Array 
Uniform Amplitude, Equal Phase, 12.2 GHz 
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Figure B-6. H-Plane Pattern of Vertically Polarized 8-Element Array 
Uniform Amplitude, Equal Phase, 12.2 GHz 
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Figure B-7. E-Plane Pattern of Horizontally Polarized 8-Element Array, 
Uniform Amplitude, 45° Progressive Phase Difference, 11.7 GHz 
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Figure B-ll. H— Plane Pattern of Vertically Polarized 8— Element Array, 
Uniform Amplitude, 45° Progressive Phase Difference, 11.95 GHz 
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Figure B-16. H-Plane Pattern of Vertically Polarized 8-Element Array, 
Uniform Amplitude, 90° Progressive Phase Difference, 11.7 GHz 
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Figure B-19. ^-Plaie Pattern of Horizontally Polarized 8-Element Array, 
niform Amplitude, 135 Progressive Phase Difference, 11.7 GHz * 
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Figure B-21. E-Piane Pattern of Horizontally Polarized 8-Element Array, 
Uniform Amplitude, 135° Progressive Phase Difference, 12.2 GHz 
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j.gure B-22. H-Plane Pattern of Vertically Polarized 8-Element Arrav 
Uniform Amplitude, 135° Progressive Phase Difference, 11.7 GHz 
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Figure B-24. H-Plane Pattern of Vertically Polarized 8-Element Array 
Uniform Amplitude, 135° Progressive Phase Difference, 12.2 cm? 
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Figure B-25. E-Plane Pattern of Horizontally Polarized 8-Element Array, 
Uniform Amplitude, 180° Progressive Phase Difference, 11.7 GHz 







oe - 1 


iiiifiiiiSiiliiiliiiiiiiiiiiisiiiiiiiiiiiiiiiiiiiiiiiiilliiiiiiiiiiiiiiiiiiiiliiiiiiiiiiiiiiliiiiiiiiiii, 


Jilll 

mum 

Bill 

aillliiilil 

infills 


I 


mm 


iifliiijg 


Siill 

KIIbS 

Hill 


mmi 

■in 


in* 


il 


illii 

fin* 


iill 

iill 


La ! 


M 

III iill 
ill !■ 


■mi 

I iill! 

RESEBIl 


IIH 

Hiiii 


in 
in 

pi 

PH 

i mrniHFri 


II 


laiiHIIllillllililliiliiil 

iiiiiiiiiiiimi 


Ilil 

nil 


dleili 

iimii.. 

II I iillilillfi 
il llllihliilil 
liilliilf li'ilil 
iiiiiii linm 

““ t MS 3 




il 


Wjl\ 


*1 irnqpwB 

rilElfiii t JUiiil 

HSlIllllill 

miiiiiiiiil 




pi 


ii 


iiiiiiiiiiiiiiiisiiiiiiiiiiiiiiiiiHiiiiiii 

IllillllillllilillllBlllillililllllillllll 


IliiiHHH 
Illlillililllll 
IliiliililiHill 


wmwiww mu 


iiiiiiiiiiiiiiiiifiliiiiiilifll: 


iNiiiiiiM 1 


ililiBlIIlilllSIiliilsIilliiililliillilllii 

llililiSliiliiiimyitillliHIilillllfil 


IlM 

Illy ill 


It? 


II 


imikiiPiwi’i* 


B kiiih 
■hiiii 


ii nil 

lllll 


itiHIli -sliilpif 

IlliiSlIIIIIilill 
|||ll^iiliyillll 


JILL Ml 411^111 

mama 


IHilllllllllilillllililllilll 

IIIHIHHIHimilHIllllllll 


SBIII1I1II35I 


lllilliilli 
Iliillilllli 
IlMilililii 
iilillalilil 
ilMIliiilli 

liifliill 

IsSiliill 

IHHIili 
HiilHIIi 

mill!!!! 

iiPiiiiiiaii 

IIIEIIiilllllisi 
iisiiiii|!!|i!!!!f!|f 

IHISISUiuiIiiliii 


illy Polarized 8-Element Array, 
Phase Difference, 12.2 GHz 


m r -i a ri 


ORIGINAL PAGE IS 
OF POOR QUALITY 







-32 




















L. 


I 


V < 1 I 




Figure B-33 . E-Plane Pattern of Horizontally Polarized 8-Element Array, 
30-dB Taylor Amplitude Distribution, Equal Phase, 12.2 GHz 
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Figure B-37. E-Plane Pattern of Horizontally Polarized 8-Element Array 
30-dB Taylor Amplitude Distribution, 180° Progressive Phase Difference 

11.7 GHz 
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Figure B-41. H-Plane Pattern of Vertically Polarized 8-Element Array, 
30-dB Taylor Amplitude Distribution, 180° Progressive Phase Difference 

11.95 GHz 









B-42 . H-Plane Pattern of Vertically Polarized 8-Element Array, 
Taylor Amplitude Distribution, 180° Progressive Phase Difference, 

12.2 GHz 
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